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PREFACE 


This book may be regarded as a sequel to one published in 
1924, under the title of Electricity Supply Costs and Charges, 
but particularly relating to the subject of distribution costs. 
In the earher work the more detailed study was devoted to 
generation costs. The importance of distribution costs was 
not under-estimated, but material was not abundant and 
discussion would necessarily have been more theoretical than 
practical. 

Conditions have changed, the subject of distribution costs 
has become of greater interest, more information is available ; 
the nature of the loads is changing ; the more effective utihza- 
tion of distribution capital has become a problem, at once of 
greater interest, and more capable of practical solution. 

The Report of the McGowan Committee has given statistical 
information not previously available. The data there presented 
show a wide “spread” of distribution costs per kilowatt-hour 
sold by British undertakings all the way from 2-4814d. to 
0-5881d., in the six classes of undertakings grouped by the 
magnitudes of sales; a wide spread in sales per pound of 
capital employed, and in other relevant data. 

Hence a study of first principles seems called for. This book 
does not claim to go beyond that. Technical subjects are dealt 
with from that point of view. There is an abundant hteratuxe 
upon the construction of distributing systems to which the 
author makes no attempt to add. There is just now (September, 
1937,) a spate of utterances upon the reorganization of distribu- 
tion in Britain which involve or express considerations of a 
quasi-pohtical nature which will presumably be synthetized 
by legislation. This book affords no guidance upon such 
matters. 

During the gestation of the work, there have been unusual 
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fluctuations in the prices of materials which seem likely to 
continue for some time. Such uncertainties, and those of the 
future course of interest rates upon capital, add to the difficulties 
of forecasting important data needed for the economic design 
of distributing systems. These uncertainties impose some 
degree of caution. But it is always possible to assign limits to 
the variable elements and to see how the variations affect the 
“most economicaP’ design. 

It is hoped that the work will prove useful to all interested 
in the subject. 

H. M. S. 
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THE 


ECONOMIC PRINCIPLES OF 
ELECTRICAL DISTRIBUTION 

CHAPTER I 
GEIfEBAL REMARKS 

In the commercial business of providing a supply of electrical 
energy the cost of distribution has become an item of erer- 
increasing importance. The cost of generation has been reduced 
at a remarkably high rate. The most modern steam-driven 
power stations generate one kilowatt-hour for about 1 lb. of 
coal of average calorific value ; over 2 000 kWh. per ton of 
coal burned. There is still room for improvement in the thermal 
efficiency of such stations, which now approaches 30 per cent ; 
improvement seems to depend upon the production of steels, 
etc., able to endure higher temperatures than the maxima now 
in use, or the more remote possibihty of a new prime mover. 
The higher thermal efficiency of internal combustion engines 
is not convertible into lower cost of large scale generation, even 
where natural gas and fuel oil are cheap they are burned under 
boilers to supply steam turbines. 

There is more reason to expect a reduction of average 
generating costs in the near future from the higher load factor 
of efficient stations ; and the abandonment of the less efficient — 
a process which in Great Britain is being accelerated by the 
Central Electricity Board’s operations — ^than from any radical 
innovation in coal-consuming power plant. That process 
promises a continuance of the downward trend of generating 
costs for some time to come. 

On the distributing side of the industry there has been an 
opposite trend, the average cost of delivering a kilowatt-hour 
to the ultimate consumer has risen, and seems hkely to con- 
tinue to rise. The capital charges involved in distribution are 
the largest item; the capital expenditure per kilowatt-hour 
sold has risen of late years. This is not due so much to technical 
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2 ECONOMICS OF ELECTRICAL DISTRIBUTION 

deficiency or lack of progress in invention or design ; on the 
contrary the means of transmission and distribution have been 
made more efficient and less costly for a given duty. The chief 
reasons why the capital costs have risen are: (1) areas of 
supply have been extended into districts farther from generat- 
ing stations; (2) the growth and nature of the loads in the 
original areas of supply have been in excess of the estimates 
upon which the distributors were planned; (3) conseqxient 
upon (2) new mains, sometimes entirely new systems of dis- 
tribution, have been constructed and the old works scrapped 
long before the latter were in any sense worn out. So there is 
a good deal of capital standing for physical assets which have 
disappeared. That cause should cease to operate witliin a 
relatively short time. 

To enlarge a httle upon the first-named reason ; if an area 
of supply lying wholly within a radius of, say, three miles from 
a generating station is extended to double that radius, two 
consequences follow. As the whole of the supply to the new 
area has to be transmitted to the boundary of the old area 
and then spread across the radial breadth of the new area, 
the average distance of transmission to the consumers in 
the new area will be about doubled. Whilst the new area is 
three times as extensive as the old one, it is generally less 
densely populated so that there are fewer consumers per mile 
of mains with, consequently, a smaller annual consumption in 
proportion to the capital employed. Where extensions of that 
kind have been planned, cheaper methods (such as the use of 
overhead mains instead of underground mains) have to some 
extent countered the effect of the lesser density of consumption ; 
and it is to be expected that consumption will increase to a 
reasonably remunerative level. As to the second and third 
reasons above mentioned — scrapping of distributing plant 
because the load has outgrown its capacity — ^it is a standing 
difficulty in the planning of distributing systems that the 
estimates of future loading have to be made upon inadequate 
data. Perhaps one should say have had to be made in the past 
upon inadequate data; more are available now. Estimates 
based upon probable lighting demand-~the normal basis up 
to, say, twenty-five years ago — ^have become entirely inade- 
quate. Additions to the capacities of the older systems have 
been required long before the economic life of the mains had 
expired or their cost written down. Reinforcing mains by 
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additional cables or replacement by larger ones is an expensive 
business, especially if it involves breaking up the streets. That 
street work is a serious addition to the cost of the mains them- 
selves ; distribution plans should therefore be made elastic so 
that growth of load may be met by a more economical method 
than again digging up the streets to lay more cables. Over- 
estimates of load put excessive capital charges upon distribu- 
tion until the load grows up to the estimates. Over-estimates 
have been less common in the past than under-estimates. 

Distribution mains have the feature that the capital is 
immobilized; it is buried; if it is not as fruitful as was 
expected, it cannot be dug up and planted elsewhere. 

With the experience of nearly half a century there is now a 
body of data for guidance in estimating the loads in a projected 
system, or extension of one existing. It is by no means com- 
plete, conditions are not static, the designer still has to do a 
good deal of scientific guessing. Twenty-five years ago one 
did not expect appreciable demands for electric cooking and 
heating anywhere; it was not safe to reckon on getting a 
lighting load in more than half the houses rented at about 
£40 to £70 per annum in suburban London, for example. 
To-day it would be unsafe to expect less than half of such 
houses to have an electric cooker or water-heater; perhaps 
both. It is not yet possible to follow the water engineer who 
can say pretty accurately that a certain district will consume 
30 or 35 gallons per day per head of population; but it is 
known — ^where proper records have been kept — what rates of 
increase may be expected in districts of defined character. 
Provision for elasticity of growth is called for; as far as 
possible the provision should not unduly load the income with 
capital charges in advance of its growth. 

In new rural areas data for estimates are scanty. The 
probability is that the demands of farmers will increase, but 
at what rate is somewhat problematical. In these areas over- 
head lines are usually essential; the mechanically safe mini- 
mum fine structure provides load capacity, unlikely to be 
exhausted for some years. 

In the old-established undertakings the growth of load and 
extensions of area beyond anticipation compelled the adoption 
of a hand-to-mouth procedure ; the systems have grown in a 
patchwork fashion; no one designed them as a whole. 

This is not a condemnation of the engineers concerned ; they 
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had to deal mth changing circumstances beyond their power to 
forecast. In this country many of the early stations generated 
continuous current distributed at 100 volts by three-wire 
systems. The range of economic distribution under these 
conditions and with a hghting load having a load-factor of 
the order of 12 per cent was under a mile. In many cases both 
mains and stations became overloaded rather rapidly ; in 
some additional stations were built, an expensive proceeding 
where the whole area was a densely built-up one with poor 
access for fuel and no possibility of condensing. The advance 
to 200 volts made possible by improvements in lamps for that 
pressure helped the mains but not the stations. The next step 
was to put larger stations in more favourable positions, gener- 
ating three-phase a.c. at 6-6 kV., sometimes more, and to 
convert the original stations into converting substations still 
delivering continuous current over three- wire distributors. 

By a process which is not yet complete, the ultimate system 
in these densely loaded areas wiU pretty certainly become tlie 
three-phase four-wire with 400 volts between outers and 230 
volts outers to neutral. There are many areas wlierein botli 
kinds of distribution are in existence; a transition stage. Tlie 
successive changes have each added something to capital 
costs and charges. One consequence is that the distribution 
capital charges of old-established systems are not trustworthy 
data for contemporary estimates. 

Any new area to be equipped must be studied and planned 
for as a special case, but there are general principles applicable. 

In the following chapters it is intended to outline the study 
required, and to see how economic principles can be followed 
in the application of existing material and methods. 



CHAPTER II 

EUNNING AND FIXED CHAEGES 

Elbmen’taey analysis of the costs of distribution divides them 
into two mam classes : (1) running costs, which are in some 
manner dependent upon the quantities of energy dehvered 
over an accounting period ; and (2) fixed charges, which are in 
the main dependent upon the capital cost and the useful hfe 
of the mains and other plant employed. 

Certain categories of costs, such as routine attention, ex- 
penses of management, accounting, etc., are usually taken as 
fixed charges ; they are not susceptible to engineering design, 
or capable of expression in any fixed ratio to either the quan- 
tities of energy dehvered or to the capital expended on mains 
and plant. It is not easy to draw the line between running 
costs and fixed charges in some of these categories. For 
example, routine attention and inspection, repairs and main- 
tenance are frequently carried out by the same persons. Re- 
pairs and maintenance belong to running, routine inspection 
to fixed charges. With adequate costing records it is possible 
to make an approximate division of the doubtful items for any 
past period. Estimates for new areas can be made by the 
appMcation of experience. 

The aim of economical design is to make the total of running 
costs and fixed charges a minimum for the service rendered. 
The design therefore has to take into account the relations 
between the two ; in short, how running costs vary with the 
capital spent on each part of the system. Some of these relations 
are fairly simple ; one can say that it is worth while to spend 
more on — ^for example — ^mains of a larger size than of a smaller 
size, because the saving of losses will compensate for the higher 
capital charges ; and if the data are adequate, that there is a 
definitely most economical relation between load and size. 
In other cases the relations are more complex. In aU cases 
estimates based on forecasts are subject to some degree of 
uncertainty. Judgment of probabihties has to be used. 

The capital charges of the “Fixed Charges” division consist 
essentially of two components : (a) interest on capital expended, 
and (6) redemption or depreciation allowance calculated to 

6 



6 ECONOMICS OF ELECTRICAL DISTRIBUTION 

repay the capital during the useful economic life of the assets 
on which it was spent, or within the redemption period of 
borrowed capital. 

The actual rate of interest at which money can be borrowed 
for a supply undertaking depends upon a number of foctors 
which it is hardly necessary to discuss here ; the engineers and 
janancial people concerned can always make a close guess of 
the rate at which money can be obtained for the contemplated 
enterprise at the relevant time. 

Redemption or depreciation allocations in theory make good 
the 'Vearing out’’ of the capital values of the assets to which 
they refer. The capital value exhausted by use is offset by tlie 
accumulation of a fund which will suffice to replace the assets 
at the end of their useful life. Assuming the data and calcula- 
tion to be correct, the periodical allocations for the purpose of 
this fund are evidently true ''costs” of the service rendered 
by the assets. 

In the case of loans raised by local authorities for electrical 
undertakings, the Electricity Commissioners prescribe a set of 
periods within which loans in respect of each class of asset must 
be repaid. The necessary allocations towards sucli. redemption 
then fix those items of costs. Companies do not, as a rule, 
show depreciation allocations to specific classes of assets in 
their accounts. They must make the provision in some way, 
for the sake of prudent finance, i.e, the maintenance of capital 
intact. The calculation of a correct depreciation rate requires, 
first, an estimate of the economic life of each asset, secondly, 
the calculation of a scale of annual or other allocations whicjh 
will replace the asset at the end of its useful life. For the 
present purpose one may take depreciation and redemption 
allocations as equivalent; but they may not be of equal 
amounts. The redemption period of a loan may be shorter 
than the useful life of the assets on which it was spent. It 
should not be longer. It is hardly necessary here to describe 
the several ways in which loan redemption is effected. For the 
present purpose the depreciation allocation may be taken as an 
annuity which, with accumulated compound interest, will reach 
the capital value of the asset at the end of its useful economic 
life, possibly less than its physical life. Tables are available 
which give the rate of annuity required for any life period and 
rate of interest which it is estimated can be obtained on the 
accumulations. 
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The designer of a distributing system has to make the best 
estimate he can of the useful lives of cables, transformers, and 
so on, and of the interest rate hkely to be obtainable throughout 
such periods. Taken conservatively, the data give a safe figure 
for the annual allocation in respect of exhausted value. The 
two items, interest plus depreciation, together give an annual 
allocation of a certain percentage of the capital spent on the 
asset. The total is an estimate of cost which has to be earned 
by the use of the asset in order to maintain the undertaking 
in a permanently sound financial condition. 

In the future it may well turn out that the depreciation fund 
is not spent in replacing the assets by exactly similar ones. It is 
pretty certain that depreciation funds accumulated during the 
last forty years, say in respect to certain cables, will not be 
spent on replacing them by similar cables. That is of no con- 
sequence so long as the available amount suffices to buy at least 
equally useful cables. No one can predict what sort of cables 
wiU be required thirty or forty years hence, nor the level of 
prices at that time. 

Obsolescence should not be allowed for in these estimates. If 
the course of events makes it worth while to replace any asset 
before its useful life is ended with something better, costing 
more than the available depreciation fund pertaining to the 
original article, the difference is a proper capital charge, 
''Worth while” means that the new asset will have sufficiently 
superior net earning power at least to pay the capital charges 
on the difference. 

The capital charges bear some relation to the designed load 
capacity of the asset : not a direct or linear relation, but one 
which can be expressed as an annual charge per kilowatt of the 
designed load, and of the actual maximum load carried during 
each year. Whilst the actual load is below the designed load, 
the annual cost per Idlowatt (or kilovolt-ampere) will be greater 
than that for the designed load. Maintenance charges are 
rather proportional to physical magnitude — ^length of mains 
for example — -than to the load carried ; it may be taken roughly 
as proportional to the product (length of main) into (designed 
load capacity) ; but the relation varies with different classes of 
plant. In some there is a relation between maintenance costs 
and the magnitude and duration of the load carried. 

The total of generation (or bulk supply), transmission, dis- 
tribution, and management costs, divided by the number of 
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kilowatt-liours delivered to consumers, yields a quotient of 
cost per kilowatt-hour, a '‘statistical average’’ cost which 
must be met from consumers’ payments if the undertaking is 
to remain stable and solvent. Actually, the consumers should 
pay more than the total costs. Whether the margin is devoted 
to the payment of dividends, the rehef of rates, a reserve fund, 
or is "employed in the business,” it can be conveniently called 
a "profit” margin. 

A profit margin is not a cost. It is, properly speaking, an 
addition to the costs to make up a selling price which will be 
remunerative. 

It will be noticed that a distinction is here drawn between 
interest on capital, taken as a cost in the foregoing analysis, 
and a profit margin; which latter can also be expressed as a 
rate of interest on the capital employed. This reflects the fact 
that capital cannot be had for nothing, but that the rate of 
return required varies with different classes of investors. 
Certain classes require a fixed rate of return with a definite 
period of repayment, both guaranteed. The prevailing rate 
at which money can be raised for "gilt-edged” or perfectly safe 
investment can be properly taken as the minimum remunera- 
tion required. That rate varies with the circumstances of the 
time. The rate at which municipal authorities in good financial 
repute can raise money with the ultimate recourse of the rates is 
ascertainable at any time ; it is a proper rate to take as an item 
of cost. 

Profit- (dividend-) earning investments appeal to a different 
class of investors ; those able and wiUing to take the risk of 
fluctuating returns, and who require the inducement of the 
probability of a larger average return — at least in the long run 
— ^than that obtainable from the gilt-edged type of investment. 
The distinction is exhibited in the capital structures of com- 
panies. A company in good standing can raise capital on 
debenture secured against its earnings and assets, and redeem- 
able at a stated date, at an interest rate which is considerably 
lower than the dividend rate expected by its shareholders. 
The debenture interest and redemption allocations are prop- 
erly regarded as costs, which have to be met out of revenue 
before any dividend can be paid. Usually a prosperous com- 
pany can raise debenture capital on terms approximating to 
those obtainable by municipal authorities with the backing of 
the rates. It may be taken as certain that it cannot place 
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debentures at lower rates of interest than those oifered by 
gilt-edged securities. Even if the whole of a company’s capital 
is raised by the issue of shares, the minimum dividend rate 
which will be regarded as satisfactory will be something higher 
than the current ‘"gilt-edged” rate. 

That is the reasoned justification for taking an appropriate 
rate of interest as a cost, quite irrespective of the capital 
structure of the concern. 

The profit margin to be added is not strictly a matter for the 
engineer designing a distributing system; he must take into 
account some minimum rate of interest as an element of cost, 
because he has to balance capital spent against savings in 
working expenses in order to arrive at a true minimum of 
total cost. But he cannot ignore the matter of price altogether. 
A complete prospective estimate must be based on some 
assessment of the probable demand and consumption in the 
area within some given time. That assessment presupposes 
that the prices charged will be such as to attract the demand 
so that the margin of profit required for successful financing 
cannot be omitted from a complete scheme. 

So the complete form of an estimate will be, in effect, that, 
if and when the demand and consumption reach the magnitude 
assumed, the capital required will be so much, the total annual 
costs so much, permitting of prices yielding some stated mar- 
gin ; and that the prices can be expected to attract the calcu- 
lated demand within a certain time based upon experience, and 
from a knowledge of such competing agencies as may exist. 

There will always be some period during which new works 
will be unremunerative, though interest on borrowed capital 
will have to be found during such periods. 

Very roughly it may be said that “Running Costs” are 
proportional to the number of kilowatt-hours delivered, and 
that “Fixed Charges” are proportional to the maximum 
kilowatts (or kilovolt-amperes) demand over a given accounting 
period ; the total costs can be expressed as a periodic cost per 
Idlowatt (or kilovolt-ampere) of maximum demand, plus a 
cost per kilowatt-hour sold. That division is the logical basis 
of “Two-part” and “Maximum Demand” tariffs. 



CHAPTER III 

PHYSICAL EFFICIENCY AND ECONOMIC EFFICIENCY 

The physical efficiency of a distributing system is the immerical 
ratio between the amounts of energy supplied to the system 
and delivered by the system to the consumers. 

An efficiency of 90 per cent means that for 100 units delivered 
to a line, 90 units are delivered by it. The difference is the loss 
or waste, a part of the cost of the transmission of the 90 units. 

One might similarly define the efficiency of the transport of 
coal by railway or steamer as the ratio of the coal delivered at the 
end of the journey to that loaded at the beginning, if the coal 
used on the journey were reckoned as part of the original load. 

Costs is a word of narrower general appHcation. It will be used 
here to mean the expenditure in money value incurred in the 
distribution of electrical energy, money value being the common 
denominator to which all the items of expense are eventually 
reduced in commercial practice. 

In reckoning costs it is convenient to take the quantity of 
the finished or saleable product delivered as the unit. Heiioe 
percentages will not have the same value as in the case of 
efficiency, where the raw product is taken as the unit of quan- 
tity. For example, in the coal transport above instanced, the 
cost of 90 tons of coal delivered is increased by one-ninth, 
or 11- 1 per cent has to be added to the price per ton of the coal 
loaded to give the cost per ton of the coal delivered so as to 
provide for the item which may be called “loss in transmission.” 
Other costs of transmission, or carriage, have also to be divided 
among the 90 tons actually delivered, so that of the total cost 
of the coal delivered it can be said that a certain percentage is 
cost of transport. The distinction between the two bases of 
percentage is important. For example, if in a given system 
the overall efficiency of distribution is 75 per cent, three units 
are delivered for four units generated. But the generating 
costs of the three units delivered are those of four uifits ; or 
33 per cent has to be added to the generating costs of the units 
supplied to the distribution system, not 25 per cent. 

The total cost of distribution includes the capital charges and 
the cost of maintenance of the system. The value of the 
energy expended in the process of delivery may be taken in 
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the gross as the cost of producing that energy. In the usual 
allocation of generating costs per unit sold, that cost (the energy 
expended in delivery) is included in the generating costs; 
really it is a cost of distribution, and must be taken into account 
in designing for minimum cost of distribution. On analysis 
it will appear that the bare cost of generating the energy 
expended in distribution is not the proper figure to use in the 
detail design. Taking the case of a distributing system includ- 
ing feeders from the generating station to a number of sub- 
stations : the cost of the energy delivered by the feeders 
includes the capital charges on the feeders, i.e. the price of the 
energy expended in the substation apparatus must be taken 
at more than the price of that expended in the feeders. The 
cost of the energ}^ expended in the distributors must be taken 
at another still higher rate which includes both the losses and 
the capital charges involved by transformation and/or con- 
version in the substations. At each stage the energy sent 
forward has an increased unit cost. Any loss caused by under- 
registration of the consumers’ meters should be priced at the 
selling rate to the consumers. 

The economic problem is to find the distribution design or 
lay-out which will deliver the energy sold at a minimum cost 
when all the elements of cost are brought into account. 

In the simplest case of transmitting a given quantity of 
energy from point A to point B at certain time rates, without 
intermediate transformation, the physical efficiency involves 
only the losses in the conductors; the economic efficiency 
involves the capital costs on the mains as well. 

For such a point-to-point transmission, if the time distribu- 
tion of the delivery is known, the problem What is the most 
economical size of the conductor ? ” is capable of exact solution 
for a given set of the other relevant data. In the case of general 
distribution to many points (consumers) certain data can be 
obtained for an existing system by sufficiently detailed measure- 
ments ; for a prospective system they can only be estimated 
with such assistance as may be available from experience in 
similar areas, modified by any special features of the area 
likely to affect the magnitude, time incidence, and location 
of the individual demands. 

Conductor Efficiency and Costs. For continuous current, 
assuming no leakage, the current at the delivery end of a pair 
(‘'go and return” wires) is the same as at the source; the 
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current efSciency may be called 100 per cent. The losses are 
shown by a drop of voltage at the delivery end ; numerically 
that drop is equal to the product of the current in amperes and 
the resistance of the conductor pair in ohms. This is usually 
sj’-mbolized as IR — V, I standing for amperes, R for ohms, 
and F for volts drop. Since the energy put in and delivered is 
proportional to the product of the volts and amperes at the 
respective ends, the energy efficiency is the ratio of the voltage 
delivered to that put in. That is, the energy transmission 
efficiency of a conductor pair depends upon the voltage. For 
example, if the pair has a resistance of J ohm and carries a 
current of 100 amperes, the drop of voltage will be 50, the 
energy loss 100 x 50 = 5 000 watts. If the voltage at the 
source is 100, that at the delivery end will be 50 ; the energy 
dehvered vdll be 5 000 watts, equal to that lost in the conduc- 
tors, and the efficiency of transmission 50 per cent. If the 
initial voltage is 1 000, the delivery voltage will be 950, and 
the efficiency of transmission 95 per cent. The amount of the 
loss remains the same — 6 000 watts — but as the energy put in 
is 100,000 watts, it is only one-twentieth of that, instead of 
one-half as m the 100 volt case. Transmission efficiency is 
therefore not an hiherent property of the conductor, which has 
an inherent loss factor, its resistance. The voltage drop is IR ; 
the energy expended or “lost” is PR. For a given initial 
voltage, the efficiency of a conductor is inversely proportional 
to the current flowing through it : the efficiency is zero when 
the product IR equals the initial voltage, and approaches 100 
per cent when the current approaches zero ; the utility of the 
conductor then also becomes zero. The load versus efficiency 
curve shows zero efficiency for the short-circuit condition which 
absorbs all the initial voltage; the commercial efficiency is 
zero for both no load and short-chcuit conditions. 

As the resistance of a unit length of a conductor of a given 
material is inversely proportional to its cross-section, and its 
cost if bought by weight is directly proportional to that 
section ; the electrical losses and the capital charges are affected 
m opposite directions by a change in ratio of current and of 
cross-section. A smaller conductor will be cheaper and cost 
less m capital charges, but it will have a higher rate of energy 
loss for any given current, and vice versa. 

Then there must be some relation between the cost of the 
conductor and the cost of energy— in other words between the 
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size of the conductor and the current it carries — which makes 
the total cost of transmitting the current a minimum. The 
ratio of current to cross-section is denominated current density 
and expressed as amperes per square inch or per millimetre 
square. American engineers use the circular mil'SiS the unit of 
cross-section. They call a conductor of 1 in. in diameter, 
one of one million circular mils; whereas in British parlance 
it would-be called of 0*7854 in.^. 

Lord Kelvin showed long ago that the condition for minimum 
cost is that the capital charges over any period and the value 
of the energy losses over the same period are equal. This is 
known as the Kelvhi Laio.^ 

Accepting that law, and converting the money cost, capital 
charges per annum, say, into the kilowatt-hours which cost that 
amount, the annual cost of a conductor is made up of two 
terms both involving the cross-section, or the weight per unit 
length. The capital charge term can be written as ma ; and the 
losses term as nHja, where a is the cross-section, and I the 
current ; the condition of minimum cost then is — 
ma = JiPja 

and the solution for current density is — 

^{mjn) = Ija. 

m is a cost per annum expressed as kilowatt-hours ; it is tlie 
product of the number of kilowatt-hours costing one unit of 
money and the annual money cost of a unit cross-section of 
conductor of unit length, it can therefore be written — 
m = (wpB X weight of unit length of unit cross-section) ; 
n is the annual loss in kWh. in the same conductor that is — 
n = Pr/l 000 X hours of use. 

where 

w = number of kWh. costing one unit of money ; 
p == cost per unit of weight of the conductor ; 

R = annual rate of interest, etc., on the cost ; 

r = resistance in ohms of unit length of conductor of unit 
cross-section. 

Taking copper as the conductor, unit cross-section as 1 in.^, 
unit length as 1 mile, £1 as the unit of money ; the weight in 

* For proof and a derived expression for the most economical current, 
density, the reader may profitably .refer to Perry’s Calculus for Enqincers, 
pp. 55-56, E. Arnold, 1897 edition. 
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tons T as 9*1 the resistance in ohms as 0*045, and the period as 
1 year (8 760 hours) ; the ratio m[n becomes — 
min = wpR X (T/8*760r) 

(the divisor 8*760 reduces Pr, which is in watts, to the rate of 
loss in kW.)- 

7^/8*76r = 9*l/(8*76 X 0*045) = 23*06, 
hence (the square root of 23*06 being 4*802) the current per 
square inch is 

'\/(wpR) X 4*802. 

The constant 4*802 is a numerical value depending only upon 
the physical properties of the material, and the period, one 
year, taken for the capital charges. 

Hence the most economical current density is proportional 
to the square root of each of the factors : lo, the kilowatt-hours 
costing one unit of money ; p the cost in money of unit weiglit 
of the conductor; and R the rate or fraction of that cost 
representing the capital charges. That is a general expression 
for any units. The numeric 4*802 is the multiplier for copper 
and for one year as the period over which the capital charges 
accrue and the current passes. 

For money values in pounds, iv = 240/cZ where d is the cost 
in pence of 1 kWh. If, for example, the cost of 1 kWh. is Irf. 
w = 240; if the cost per kWh. is 0-5d., w = 480; so that the 
cost per ton of copper and the rate of capital charges being 
fixed, the most economical current density is proportional to 
the square root of the number of kilowatt-hours costing £1, 
or any other money unit employed ; or it is inversely propor- 
tional to the square root of the cost per kilowatt-hour. 

As a simple example take — 

Cost per kWh. = 0*5d. 

Cost per ton of copper = £100. 

Rate of capital charges per annum 10 per cent or 0*1 ; then — 

upR == 480 X 10 — 4 800, and the current per in.^. 

(\/4 800) X 4*802 = 69*28 x 4*802 = 332*8 amperes. 

If the kWh. costs Id., wpR is 2 400 and the current is 

{\/2 400) X 4*802 = 48*98 x 4*802 = 235 amperes; 

the last value being equal to the first divided by the square root 
of the ratio 1/0*5, viz. 1*414. 

The voltage drop per mile is evidently Ir, or / x 0*045 for 
copper, and is a constant for that current density. 

The kilowatt-hours of losses and the capital charges per mile 
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of 1 in.^ of copper can be reduced to losses and cost per ton 
by dividing by 9*1 ; this gives an annual rate of loss per ton 
at the calculated current density, independent of length or 
cross-section. Numerically this is H x 0-0433, where / is in 
amperes per square inch. 

Any given ‘'cost per ton per annum” corresponds to the 
product of many pairs of “price per kilowatt-hours” and 
“number of kilowatt-hours per annum.” The curve of constant 
cost against co-ordinates of those quantities is therefore a 
rectangular hyperbola, the equation to which is XY = con- 
stant = £ X 240, X being scaled in pence per kilowatt-hour, 
and Y in kilowatt-hours. Such a curve is shown in Fig. 1. 

On the same figure is drawn a curve of losses per ton per 
annum for current densities between 100 and 1 000 A. per in.^. 
A horizontal line drawn from the intersection of any pair of 
values of “annual cost per ton” and “pence per kilowatt-hour” 
cuts the current density curve at the most economical value for 
100 per cent load lactor. 

Fig. 2 is a nomogram expressing the same relations, scaled 
so that a line drawn through any pair of values, pence per 
kilowatt-hour on scale A and £ per annum per ton on scale .B, 
cuts scale G in the corresponding value of kilowatt-hour, per 
annum and the economic current density, also figured on scale G. 

The following table may be found useful — 

TABLE I 


Current Density 
(A. per in. 2) 

Loss 

(kWh. per annum 
per ton of copper) 

Value of Loss per 
annum 
(£) 

Volts drop per 

1 000 yd. 

100 i 

433 

1-805 

2-56 

150 

975 

4-062 

3-84 

200 

1 732 

7-215 

5-11 

250 

2 700 

11-250 

6-37 

300 

3 900 

16-250 

7-67 

350 

5 300 

22-080 

8-95 

400 

6 930 

28-87 

10-23 

450 

8 771 

36-55 

11-51 

500 

' 10 830 

45-12 

12-29 

600 

15 600 

64-99 

15-36 

700 

21 200 

88-32 

17-90 

800 

27 730 

115-55 

20-46 

900 

35 080 

146-20 

23-11 

1000 

43 300 

180 50 

25-57 


Note. Figures are only to slide rule accuracy. The second and third columns 
are for 100 per cent load factor. 
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Fig. 1. CuBVBS Relating Capital Charges pee Annum; ani;) 
kWh. pee Annum per Ton at 100 pee cxunt Load FAcrroR 
Annual losses in kWh. per ton = x 0-0433 where I = A. per m\ at 10()<;{, I,f. 

Equivalent kWh. per annum = £ capital charges x ■ . - per ton. 

price ])cr kWh. 

1 ^'^'^izontal line cutting any of the £ per annum curves at any or(liiiat(‘ of p(!n<*e ])(‘r 
kWh. cuts the currenfdensity curve at the most economical value of current ilonsU y iiulic.al.eii 
by the ordinate at that point for 100 % If. 
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A useful mnemonic is that at 400 A. per in." the voltage drop 
is 10 volts per 1 000 yd., nearly enough for most purposes. 

The “Kelvin” condition is not an expression for physical 
efficiency hut for the most economical utilization of the con- 
diictor material of the resistivity and cost considered. It Ls a 
current density independent of the length or of the size ot the 
conductor j so long as the cost of the conductor is piopoitional 
to its cross-section, or weight per unit length. In a more 
generalized form, a conductor is of the most economicyal size 
for a given load when the losses in transmitting that load cost 
as much as the capital charges on the conductor duiiug tlio 
complete loading cycle — usually one year. 

It is necessary to make very clear the relation between the 
load distribution in time — ^i.e. the load diagram over a year or 
other load cycle period — and the most economical curreiit 
density. 

If the load is not uniform throughout the year (if that ])o:i\i.od 
is taken, as is usual), the relation of equal .money value of tlie 
losses and the capital charges still holds good as the condition 
of minimum costs; but the current density which satisfies 
that condition will be different, whether it is reckoned on tlie 
average current over the year, or the maximum current at any 
time. This can be expressed as follows: for a given load 
diagram the copper section which results in losses CMpial in 
value to the capital charges dependent on that section is tlie 
most economical, whatever the shape of the load diagi'am. 
Since the losses at any load are proportional to the sciuare of 
the current, over a given period the losses will be proportional 
to the mean square of the current during that period. The 
current density found for the uniform current condition is 
therefore the square root of the mean square of a variable 
current which vill give the same total loss. The ratio of the 
square root of the mean squai'e to the average value of the 
cimreiit is known as the r.m.s. value or form factor. It is the 
multiplier for the copper section for the average current ; its 
reciprocal is the multipher for the current density also reckoned 
on the average current, the standard of reference being tlie 
cm'rent density (or copper section) found for a uniform whole 
time ciurent. 

SymboheaUy, if I fa is the economical current density for a 
uniform whole time load, the average current density for a 
variable load will be: I fa X l/Ir.w.s. 5 ^i^d the maximum 
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will be Ija X Ijlrms. X 1/load factor, where load factor is 
reckoned in the usual way as the ratio of average to maximum 
load. 

The load factor is not directly related to the economical 
current density. A load factor figure of 50 per cent or of 25 
per cent gives no more information about the form factor of 
the load than that it may have a certain maximum value, viz. 
the square root of the reciprocal of the load factor, e.g. V'2 or 
1*414 for a load factor of 50 per cent, or y'f, or 2, for a load 
factor of 25 per cent, and so on. Such maxima values are only 
reached when the load factors are time factors, i.e. denote the 
fraction of the whole time over which there has been a uniform 
load, with no load for the rem under of the time. 

A load factor of 50 per cent is given equally by a load diagram 
which is uniform for half the time and nil for the other half ; 
and a triangular load diagram reaching a maximum and coming 
back to zero having as time-base the whole period. But the 
r.m.s. value of the rectangle on half the time is 1*414, and 
of the triangle on the whole time is 1*155. The relative current 
densities for the average current over the whole time will 
therefore be 0*707 in the first, and 0*866 in the second case. 

Fig. 3 and Table II illustrate the facts. Fig. 3 shows eight 
load diagrams all having a load factor of 25 per cent, i.e. the 
maximum load or current is four times tlie average. Table II 
gives descriptions of the time distributions as over one day, 
the mean square factor, the r.m.s. or form factor multiplier 
of the copper section proper to a constant load equal to the 
average, the reciprocal current density multiplier, the voltage 
drop at the maximum load, the generating capacity needed to 
provide the peak load losses, and the daily loss in kilowatt-hours. 
This table is drawn up for a daily delivery of 12 000 kWh., or an 
average load of 500 kW., at a constant voltage, on the assump- 
tion that the most economical section for a uniform load pro- 
duces a voltage drop of 5 per cent of that delivered, or a daily 
copper loss of 600 kWh. A 25 per cent load factor means that 
the peak load is four times the average — or 2 000 kW. — so that 
at maximum load the voltage drop is four times, and the copper 
loss sixteen times, what they would be for the average load, 
if the same conductor were used in both cases. The r.m.s. or 
form factor value of the variable loads is the multiplier for the 
unit or standard section for the average load, therefore the 
multiplier for the capital charges on that section. The last 
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TABLE II 

CoNDUCTOE Sections and Cubeent Densities for Maximlhvi Economy 

according to the Kelvin Law, for Load Diagrams of several forms all. giving 
a Load-factor of 25 per cent, i.e. the top load four times the average lofid, as 
shown in Fig. 3 


1 

I ^ 

3 

4 

5 

6 

7 

8 

9 

No. of 

Load 

Diagram 

Description of 
: J.oad Dhi grain 

Mean 

Square 

R.M.S. or 
Form Factor 
(multiplied 
for conductor 
section) 

Reciprocal of 
R.M.S. 
(multiplied 
for current 
density) 

Voltage drop 
at Top Load 
(per cent) 

Load Factor 
of Losses 
(per cent) 

Losses 
per day 
kWh. 

VJ 

o SJ 

58 

1 

p2 hours triangle 
tl2 lioiirs no load 

2*66 

1*63 

0*6125 

12-25 

16-6 

078 

245 

2 

n4-4 hours 0*25 average 
\ 9-6 hours triangle 

2*313 

1*521 

0-650 

:i3-20 

14-5 

913 I 

203 

3 

ri6 hours 04 average 

1 8 hours triangle 

2*084 

1*44 

0*693 

13-1)0 

12*05 

861 

278 

4 

ri7-143 hours 0-5 average 
t 6-857 hours triangle 

1*917 

1*384 

0*723 

14-46 

11-07 

SDO 

278 

1 

5 

ri8-353 hours 0-6 average 
\ 5-647 hours triangle 

1*67 

' 

1*292 

0*713 

15-56 

10-41 

775 

310 

6 

(21 hour.s 0-8 average 
\ 3 hours triangle 

* 1*386 

1 

1*177 

1 

0*848 

16-06 

8-65 

700 

340 

7 

(22*452 hours 0-9 average 
1 1*548 hours triangle 

1 1*197 

' 1*094 

0*915 

18-50 

7-47 

65C 

366 

8 

( 18 hours no load 
\ 6 hours rectenrle 
( av 1 iinics ij\(T;:.ge 

4*00 

2*00 

0*5()0 

10-00 

25-00 

1200 

200 


The values in this table are hasert upon a most economical ciu’ront density am! (‘■ oi'lni-'or i'o:-* 
for 100 per cent load facror fiiving a drop of 5 per cent of the delivered voltage, 1 ■»■;!• ;i \ 1 1 1 1 . y . 

The daily losses and loss rates at top-load (Columns 8 and 9) are based u w.- :> inily d»'i:v<.'!-y cf 
12 000 kWh. in every case. The loss rate is fj;":a‘*ty r.ee.-lrd to !y : !■ i • 1; • 

top load, keeping the delivery volta.'r? roriM.-.?:! ; i n,-!.' .■■.i;. i .r 2 1 'i W. iit i-'irh (Jiise. For the 
equivalent constant load of 50( IC-V.. di-;i :> I'er i ]■ a-V:.;:!.;-! in la :■ v loss of GOO IcWli. 

The cost per kWh. of the ''’s-c- f.as i.--,::. a.- ‘I b.r i:- i In- ‘true; the capital 

('harfres on nornerritir.r: .''.or.'icity per :r;iov.-;;tt-ho::rs ris'‘c:Ti‘r ;j:nl '.V.m 1 1, no losses fail-. Tha'aMiyl'' 

K'dvn: !;ju' oe riuilmcd lo allew j'or ■: !i;;; : d.ai s-onductor sc -i ji.:, - iM I-.' 

larger andnixecurr-, :.: lini.-ivii:;- rn-j.lliriisih.: io.; ,! f. i !;o fall-, to give the 
values. 


Explanatory Notes 

Column 2. triangle” menns the time base of the peak load, the load for tlic roniaiader of 

i viinmriii. No. 8 lias a steady “rectangular” load for 0 hours and no load 

for IS hours. 


Column 3. Mean squares of the load diagram ordinates. 

Column i. Root mean Square or Form-factor, which is the multiplier of the unit coiuhu'.tor Hcction 
for ea cri d i a gra t" 

to !■' -M -' !■'>’ '-I vl'(' '''^hichis the multiplier of the unit current density referred 


Cii't/ii.i \ •' , 


ColUnu'. 7. 

f 

i ’.'i 1. 

. L . -..if ,is ;! 

’■ 1 . ■ ren rn d 

(‘‘ihimn 

( ■) • I 

■ d:iv .or 12 -’on kWj,. 

0. 

,1.0 - 


■■ 1 - ca; .-i-.iiy : 

hVV.i:!. I.io; 

')< " ( 


lii'.ror. r::-:- ’ v<i c 

<1 aril ouTp;; 

r: 1 - 


:: *h • 'll 1. r e; l 

1 forms c-.'-rUi 

ic. 

L -ri-c 

'..:!V;i:vc of 


i-e delivered voltage. 

■'O:! at top load. 

-i;; ply the at !''•> uvid; based upon 
::: <L U. :il 'u-.e ref.-;- : ;i'ili ■■ inagnitudcs of 

: cf general application to load diagrams of 
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column gives the values of the daily losses which equal the 
product of the form factor and the 600 kWh. loss for a uniform 
load, shoving that the condition of the equality of tlie two 
quantities is fulfilled. 

If this reasoniirg is not self-evident, it would be a useful 
exercise to try the result of using any other copper section 
than the ''r.m.s. X uniform load'’ section for any of the load 
diagrams of Fig. 3. 

In a practical case one must take or estimate a load diagram 
for the whole year ; it may be a chosen typical load diagram, 
or a composite '' weighted ” aggregate of selected daily diagrams. 

The table shows some other points of interest in addition to 
the root fact that the cost of transmission of a given quantity 
of energy is a minimum when the rate of transmission is con- 
stant, and is increased by any deviation from tliat constancy. 
The generating capacity must be sufficient for the maximum 
load plus the maximum rate of loss at that load ; th e generating 
plant needed for that loss is worked at a lower load factor than 
that of the delivered load (excepting in the limiting cases 
%vliere the load is uniform for the fraction of the whole time 
expressed by the load factor; when it has the same value). 
That means that the capital charges upon that part of the 
generating plant providing the maximum rate of loss are 
greater per kilowatt-hour than upon that part providing the 
dehvered energy. Hence in any particular conditions tliose 
capital charges should be considered, when it may appear tliat 
it is worth while to provide more copper than the section 
calculated upon a uniform cost per kilowatt-hour generated. 
This can be allowed for by pricing the losses at an appropriately 
higher rate. If, for example, the cost of the energy delivered 
to the main is £m per kW. per annum, plus n pence per kWh,, 
the price of the losses is — 

240m/8 760 -f- n; or (0*0274 m -f- n) pence. 

(If energy is being bought in bulk, as from the C.E.B. Grid, 
the peak load costs may have to include the kilowatt element 
of the tariff in fuU or in part, instead of the generating plant 
capital charges represented by £m.) 

Returnmg to the general expression for minimum cost of 
transmission, it will be seen that if the cost per ton of conductor 
is increased, the rate of loss to equal the charges on it is also 
mcreased, that is, a more expensive type or size of cable should 
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be worked at a hi.glier current density than a less expensive 
cable. Conversely, if the cost of energy is increased, a cable of 
given cost per ton should be worked at a lower current density ; 
the reverse applying in both cases. 

The ''cost per ton” involved means all the costs which 
depend directly upon the section or weight per unit length of 
conductor. In the case of cables for laying underground the 
cost of laying will not usually be much affected by the size of 
the cable ; it may he taken as a constant per unit length. For 
a given type of cable for working at a given voltage, the cost 
per ton of copper will vary with the size : smaller cables cost 
more per ton. It may be found that over some small range of 
sizes the cost per ton varies little, and a current density applic- 
able to all that range can be found. More generally tliere is a 
number of standard sizes of cable, the copper cost of which 
varies appreciably between the sizes. In such cases the eco- 
nomic current for each size can be found by applying the rule 
that capital charges and cost of losses should be equal for each 
size ; instead of finding the cable size for a given load, one finds 
the economic load for each cable size. 

Strictly, in selecting cable size from among a number, the 
"cost per ton of copper” is the difference between the prices 
of the cables divided by the difference between their copper 
weights, for equal or unit lengths. 

In deciding upon the most economical voltage to employ in 
a given transmission, one has a mxmber of possible standard 
voltages to select from. The cost per ton of copper rises steeply 
with increased voltage. It is simple to work out the economical 
loading of cables for tlie several voltages. Obviously the current 
for a given load is inversely proportional to the delivered 
voltage. Because higli. voltage cables are more expensive per 
ton of copper, the current density should be higher than in 
low-tension cables. High voltage cables, however, run at a 
higher temperature for equal current loadings than low voltage 
cables ; also the high voltage cables are subject to heating 
from dielectric losses which is negligible in low voltage cables. 

These t wo facts combine to limit the application of the Kelvin 
law ; the practical loading of high voltage cables will in general 
be lighter than that of lower voltage cables ; the copper must 
be less effectively utilized in order to preserve the life of the 
cable. Which implies that there is some economic limit to the 
voltage for any given relation between the cost and the worlcing 
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voltage of cables. Another limitation to tlie application of tlie 
law is the permissible drop of voltage. Tliis is particularly 
efiFective in distribution systems. In this country tlie Regula- 
tions prescribe a maximum variation of G per c^ent above and 
below the ''declared pressure ’’ at the consumers’ terminals. 
In practice this means that at maximum load the consumers 
nearest to the source of supply may have 6 per cent over, and 
those most remote may have 6 per cent under, tlie declared 
pressure. This is a distance limitation of current density. 

The Kelvin relation is valid for a given set of the relevant 
conditions, in respect to the current loading of mains. Its 
apphcation in practice is limited by permissible lioating and 
permissible voltage variation; either of whicli may become 
operative irrespective of the other. Despite tlie limitations, 
it is a useful "yardstick,” as it will indicate the cost of liaving 
regard to the hmitations. 

It has been said above that the cost of laying a cable does 
not come into the Kelvin calculations. But it may come in 
forcibly in the design of a system. A strildng example was given 
in a recently pubhshed discussion of the most economical way 
of increasing the capacity of the transmission system sup j)lying 
substations in Chicago. The problem resolved itself into the 
choice of the most economical voltage of transmission. The 
choice fell upon 66 kV., the deciding factor being that tliere 
was in existence a system of spare ducts of 4 in. bore. Tlie 
66 kV. cables could be drawn into those ducts. Any lower 
voltage cables of the required capacity would have been too 
large, so new ducts would have had to be laid at great expense. 

Overhead lines have not been mentioned so far. Assuming 
that the cost of supports, insulators, etc., is independent of the 
size (i.e. the weight) of the conductors, the Kelvin relation 
holds. As a general rule, the number of supports, length of 
spans, etc., is decided by what may be generalized as the topog- 
raphy of the route, which includes a good many factors of the 
nature of safety regulations, regard for amenities, etc. An 
overhead line has to be designed as a mechanical structure. 
It is useful to work out the Kelvin section for the standard 
voltages available. The conductor size determines the stresses 
which come upon the supports. Usually there is some minimum 
size of conductor imposed by mechamcal considerations ; that 
will give a minimum value of the voltage at which the line 
must be worked in order to afford the required transmission 
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capacity. The voltage also affects some items of the cost of 
insulators and supports. 

It has to be observed that the discussion in this chapter has 
dealt only with the ohmic losses in conductors. It is strictly 
applicable to conductors for continuous current. With alter- 
nating currents the losses are greater for equal effective 
current. With alternating currents the losses are greater for 
equal effective currents, because the conductor resistance is 
greater; first, on account of “skin effect” which makes the 
current density greater near the periphery than in the centre ; 
secondly, on account of “proximity effects,” parasitic e.m.f.’s 
induced by currents flowing in nearby conductors ; for example, 
in a three-core cable each conductor has some inductive effect 
upon its two neighbours. These effects are approximately 
calculable, and sliould be reckoned as additions to the d.c. 
resistance. 

The effect of the load current being out of phase with the 
voltage only means that the load current has to be reckoned 
from the kilovolt-ampere load, not from the kilowatt load. 
The multiplier is given at once by the reciprocal of the j^ower 
factor of the load; e.g. the current for a load of 0*8 power 
factor is T25 times that for the same kilowatt load at unity 
power factor. 

The heating duo to dielectric losses in high voltage cables is 
continuous so long as the cable is under pressure. It is import- 
ant in cables worldng at over about 25 kV. as a factor in the 
temperature rise which limits the loading, as if an addition to 
tlie load current were always present. 

Extra high voltage cables, for 66 kV. and over, are usually 
made as single cores, the three of a three-phase system being 
laid in close proximity. The losses, heating, and most eco- 
nomical loading involve problems of greater complexity than 
are susceptible to Kelvin law computation; they are beyond 
the ambit of this ch apter. As each case of the use of such cables 
is of sufficient magnitude to justify detailed study from the 
economic point of view, no more can be said here. 

Applications of the principles set out in this chapter will be 
made in later discussions. 

Transformers. The physical efficiency of a transformer with 
respect to load follows quite a different law, or shape of curve, 
from tliat of a conductor. The losses are conveniently described 
as no4oad and load losses ; or with some lack of exactness as 

3-(T.42) 
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iron and copper losses. The iron losses iiro (u)niiiuious so long 
as the transformer is excited by eonneetion to li iOii.ins. The 
copper losses are roughly proportioiurl, to tlio of the 

load current. There is a small olcincnt oi’ (xoppci* loss in the 
no-load losses; the iron losses arc not cntin^ly in(le|Knideut of 
the load. 

At no-load a transformer has negative ciHcicnu^y ; it wastes 
the iron losses plus the exciting current cc)i>i)cn* losses, with no 
return. The maximum physical cltLci.ciu*y cxunirs when tlie 
two losses are equal. The ratio of (*-onsta.ut (iron) a^nd load 
(copper) losses which will give the maxinunn (a)rriin(yrcial 
ef&ciency over — ^say — a year depends upon the form of tlie 
load diagram. This ratio of output to ininit giving tiu^ ininiirrum 
cost per kilowatt-hour of the outpxit also involves the capital 
charges, i.e. the cost and life of the transformer, iiui chxsign 
for minimum cost of a transformer for a given maximum load, 
and for maximum commercial efficiency on a given load dia,- 
gram, both involve the proportions of tlie ii'on and (iopper, 
having regard to the relative costs of tlmso :rnat(n‘ia.ls. The 
designer therefore has to make a compi*omise to prodiujc a 
transformer which will have the minimnm sum of (ai])ital 
charges and value of losses when, operating uiidor detuuHl loading 
conditions. 

A transformer which is to be used on a loaxl which will be 
small for a great part of the operating time and a.t a. maximuiu 
for a small part, should have small iron lovsses ;rcla.tiivc‘.ly to tlie 
full load copper losses. A transformer to be used at eontinuous 
full load should have relatively small oojiper lessees. Tlie 
maximum physical efficiency of a transfoianer results at a load 
at which the two losses are equal. But tliat condilrion moans 
that the transformer is unduly costly for its output. In other 
words, the loading for maximum physical efficiency is much 
below the loading for maximum commercial efficienc^y. 

There are other considerations which must !:)e regarded; 
heating and regulation for instance. The voltage drop between 
no-load and full load is mainly determined by the copper 
losses. The maximum temperature attained in worlving is a 
product of the duration and magnitude of the load losses, 
having regard to the cooling arrangements. The maximum 
load which can be safely carried by a transformer is limited by 
the temperature rise of the copper which can be endured by 
the insulating material. Hence the transformer for given 
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loading conditions, regulation range, and safe working tem- 
perature, which will have the minimum annual cost including 
capital charges, can only be designed to a definite specification 
of the conditions, including the cost per kilowatt-hour of the 
losses. 

Fortunately the modern transformer has only small full load 
losses of the order of 2 per cent of the input. Regulation 
depends partly upon the power factor of the load, one of the 
items to be specified, since '‘full load'’ is defined by kilovolt- 
amperes rather than by kilowatts. Where transformers are in 
substations which, are attended or can be visited daily, no-load 
losses can be minimized by switching out some of them during 
low load periods. Whether this is worth while can only be 
determined from balancing the value of the saving against the 
cost of the attention, or of the remote control switching. 

The choice of transformers for maximum commercial effici- 
ency therefore involves more complex calculations than the 
choice of conductors. But since transformers can be added to, 
or changed for larger (or smaller) ones, whenever load changes 
make that desirable, the initial choice in a given case does not 
commit the future so definitely as the initial design of mains 
which can only be varied at heavy cost. So one may justifiably 
put down transformers to serve the probable load for a few 
years ahead ; and only buy more or larger ones when the need 
arises. 

The British Standards Institution has issued specifications 
for transformers ; and the British manufacturers have standard- 
ized designs from which most requirements can be met. It 
will rarely be economical to specify requirements departing 
so much from the st^^ndards that special designs have to be 
made. 

Regulating Apparatus. Some form of regulating apparatus is 
nearly always required in order to maintain the voltage 
delivered to consumers within the prescribed limits. Regula- 
tion involves losses in the regulator; i.e. it adds to the losses 
in the conductors and transformers. Essentially, all regulators 
(outside of regulators of generator voltage) are transformers ; 
they draw current from the mains — ultimately from the 
generating source — partly to make up for the drop losses in the 
distributors beyond them, partly to supply their own losses ; 
hence the losses in the distributors cost more per kilowatt- 
hour than without regulators, on account both of the added 
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losses and the capital charges on the regulators. Tliis eulianced 
cost should be taken into account in calculating the most 
economical cuiTeiit density in the distributors. If in a-ny given 
case a regulator can be dispensed with by using a lower current 
density in the distributors, one can put the additional capital 
charges of the larger distributors, less the value of tlie lower 
losses in them, against the capital charges, losses, and cost of 
attendance of the regulator in order to see wlietlicr or no the 
regulator is an economic proposition ; or can calculate the most 
economical combination of conductor sizes and regulator range. 

It is a truism to say that all the losses in a system operate 
so as eventually to claim some sliare o.t the capacity of the 
generating plant. Losses in regulators are at a maximum when 
the losses in the regulated mains, are at a maximum. Fi’oin tlie 
point of view of the generating station — or bulk supply point — 
such losses are the peak of the peak load, employing generating 
capacity at the lowest load factor, and therefore very expensive 
in station capital charges or the equivalent bulk supply (lemand 
charge. Hence the losses in regulators are of an expensive 
character on all counts. It is possible that a livelier apprecia- 
tion of these truisms would result in a more liberal design 
of conductors, especially in low-tension distributors, than is 
sometimes practised. 

As to the physical efficiency of regulators, that can be calcu- 
lated in the usual form as the ratio of output to input. It is 
clearly desirable to have high efficiency at tlie nunximum 

boost” becauvse peak load losses are expensive (also bcca\isc 
such losses take the form of heat) ; but tlie no-load losses, 
wdiich are continuous unless the regulator can be switclied out 
for part of the time, are not negligible. 

Commercial efficiency is a more complicated matter. 
capacity and cost for a given load depend upon the magnitude 
of the maximum boost, i.e. upon the sizes and lengtlis of the 
conductors serving the load. 

For large loads, tap-changing transformers are probably the 
cheapest form of regulator ; usually they are only economical 
for step-up and step-down transformers at generating and grid 
substations. For detail distribution several forms of auto- 
transformers, '‘tail-end” boosters, and iiiduetion regulators 
are available; the choice depends upon the detail conditions 
in each case. Inquiries for quotations should specify the duty 
required in the fullest way. 
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In all calculations for economical regulation, the load and 
form factors of the load are essential data. 

Switchgear. The physical efficiency of switchgear is rarely 
of importance ; other considerations impose conductor dimen- 
sions which make the conductor losses negligible. Switchgear 
in itself does not earn anything; the services it performs are 
hardly capable of precise money valuation, but failure may be 
very costly. Hence capital cost, reliability, and maintenance 
cost are the prime things to consider ; space occupation is often 
important. Since the function of switchgear is to afford 
facilities for altering the connections of lines and apparatus, 
the smaller the number of changes required the simpler can 
be the switchgear. Hence the first point in design is to settle 
the minimum number of changes essential in any position. A 
good deal of ingenuity may be profitably employed in making 
the necessary changes with a minimum number of switches. 
This applies particularly to the lay-outs at interconnecting 
points for alternative ways of feeding and splitting up networks. 
Probably almost all the functions of switches on distributing 
systems at and below 11 kV. can be satisfactorily- performed 
by switch-fuses of the enclosed type, with arc -extinguishing 
filling such as carbon tetrachloride. But if on-load change-over 
switching is required at any points, a circuit-breaker must be 
employed — oil-filled or the equivalent, to suit the voltage. 
The switch-fuse, it may be noted, is an overload protective 
device, as well as a switch. 

In the initial design of a system quite simple switching 
arrangements may meet immediate needs. But it will be wise 
to consider the future, adopting such a lay-out that additions 
can be made without disturbance of the original arrangements, 
e.g. by providing bus-bars, capable of accommodating addi- 
tional switch units, or easily extended by bolting on new 
lengths. 

It is a good plan to standardize switch lay-outs, so that those 
at different substations differ only in the number of switch 
units and bus -bar sections. There are limits to the extent to 
wliich tliis can be carried out. 

Makers offer standai'dized units from which it should usually 
be possible to choose models applicable to all ordinary 
purposes. 

Protective Gear. Other than fuses, overload and earth -fault 
trips on h.t. switches, protective gear is rarely needed on 


1 ses's 
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distributing systems. It may be necessary on ring mains ; cer- 
tainly if these work at over 11 kV. The economic valiic of 
protective gear is that of insurance agaiiist (a) tlie extension 
of the interruption of supply beyond a &ulty section, and {b) 
the extension of damage beyond the originating flvult. Data 
for estimating the probability of sucli occurrences a,nd tJ)e cost 
of the consequences are not available in sufficient quantity to 
allow of any accurate calculation of the risks and the appro- 
priate cost of insuring against them. Nothing more can be said 
here than a recommendation to refer to sucli records of ex])cri- 
ence as may be available ; with the addition that on overiiead 
systems there is an imperative necessity to make ''dea-cr' any 
conductor broken by storm or accident, for the protection of 
life and property. 

Capital Charges. The calculation of the most economical 
current density in cables involves the annual cliarges as a 
percentage of the cost of the cables. As already stated in the 
last chapter, these are made up of two components (a) interest 
on the capital, and (6) an annuity to provide for the cost of 
replacement at the end of the useful life, i.e. depreciation. The 
determining conditions for (a) have already been discussed. 
The second component (6) includes elements of prediction. 
One of these is the useful or economic life of tlio ca,ble ; strictly, 
for how long the cable can be expected to carry its estimated 
load mthout excessive costs of maintenance, or unreliable 
operation due to deterioration. Another element is the prob- 
able cost of replacement ; yet another is the interest rate the 
accumulated annuity can be expected to earn. If it is assumed 
that the life of the cable will be so many years, tliat the cost 
of replacement wiU be the same as the original cost, and that a 
certain rate of interest can be reckoned on ; the calculation of 
the annuity which, accumulated and invested at compound 
interest, will amount to that sum is simple and straight- 
forward. 

None of these elements can be known exactly. The useful 
or economic life of a cable is of the order of thirty to forty years 
(that is, for cables of up to perhaps 22 kV. pressure ; there is 
not yet enough experience of extra-high-tension over that to 
go upon). The cost of replacement will be abated by the value 
of the scrap recovered — ^mostly copper — an uncertain amount ; 
the rate^ of interest obtainable by the accumulated depreciation 
is also liable to some measure of uncertainty. The safe way to 
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discount these uncertainties is to estimate the life conserva- 
tively and to reckon on a low '‘gilt-edged ” rate of interest. The 
main point is to be on the safe side. The course of events during 
the life of the cable will determine what the actual annuity rate 
should be ; it can be corrected at any time when it seems to be 
too high or too low. The cost of eirergy is likely to alter in the 
course of the life of the cable. One can only adopt reasonable 
values for these elements in the circumstances of the time. 

Part of the cost of replacing a cable is that of laying it. That 
is not a function of the size of the cable and does not come into 
the calculation of economic density. It has to be provided for 
by a percentage of the original cost of laying over the life. If 
the cable is drawn into permanent ducts, there will be little 
or no charge for trenching and making good ; the ducts may 
be reckoned to liave a quasi-permanent value, and the depre- 
ciation rate of tlie laying cost taken at a very low percentage. 
The original cost of laying will be higher, the interest component 
of the annual charges higher, and the depreciation component 
lower, than if the cable is laid direct in the ground. These are 
not tlie total of tlie considerations for and against ducts ; but 
where tlie cost of breaking up and making good of street 
paving is liigli, they may be sufficient to decide the choice. 

In pi'actice a cable may have to be replaced long before the 
end of its useful life. It may become inadequate for the load 
upon it, or may be displaced by a change of system. It must 
be assumed that tlie replacement will be made because it is 
expected to be reinunerative ; lienee any cost in excess of the 
depreciation fund available at tlie time is strictly new capital 
expenditure. 

Mucli the same order of considerations apply to the estimates 
of capital charges on transformers and other distribution 
apparatus. The lives of such things are usually shorter than 
the lives which can be safely reckoned for cables ; but on the 
other liaiid the costs of handling, etc., are much lower costs 
than those pertaining to the laying of cables. Small transform- 
ers can be used elsewhere after replacement by larger ones; 
that is not usually practicable with cables taken out because 
they liave become overloaded. 

In practice tlie engineer designing a distribution system 
does not separate the annual charges into the components 
above mentioned, lie takes an inclusive rate judged sufficient 
to cover the whole. 



CHAPTER IV 
SYSTEMS OF DISTRIBUTION 

Structural Features. These may be divided into tlie two 
classes of overhead and midergrowid. The economic choice 
between them depends mainly upon the character of the area 
of supply, and the number and spacing of the prospective 
consumers. Generally an overhead system is more economical 
for vddely scattered consumers, as in rural districts, where 
overhead distribution may be the only method commercially 
practicable. There is no sharply defined limit. In this country 
overhead distribution is handicapped by conditions not 
strictly economic; it is regarded as an objectional method 
requiring specific sanction from the Ministry of Transport as 
well as the local authorities in each case. In some otlier 
countries there is less difficulty both from the authorities and 
from landovmers. It is of interest that in some countries, old 
laws which permitted easements over private property for 
access roads, irrigation channels, etc., to serve other properties, 
have been extended to electric lines. 

Of late years there has been some relaxation of opposition, 
and of structm'al requirements in Great Britain, in recognition 
of the fact that the supply of electrical energy is a benefit 
which may be denied to many people where overhead linos are 
disallowed. 

Some reductions in the cost of laying underground lines 
across agricultural land and along country roads are under 
trial ; they promise to narrow the difference of cost between 
underground and overhead lines. That overhead lines are 
more liable to interruption by weather conditions is a factor 
to be considered. Overhead distribution will be dealt with in a 
later chapter. Long extra-high-pressure transmission lines, 
like those of the Central Electricity Board, are in a category 
rather outside the scope of this book. 

Hndergromid Systems. The necessary opening up of streets 
and the subsequent making good constitutes a substantial 
part of the total cost of installation. It is not entirely inde- 
pendent of the size and number of the cables laid, but for any 
route there is some minimum cost which cannot be reduced. It 
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depends mainly upon the kind of paving or road surface which 
has to be broken up and made good. The road authority has 
the option of doing the reinstatement itself, and usually has 
a schedule of rates from which an approximate preliminary 
estimate of the amount of this item can be made. 

The cheapest method of laying cables underground is to bury 
armoured cables directly in the earth. An alternative is the 
laying of ducts into which cables are subsequently drawn. 
Cables to be drawn into ducts need not be armoured, but the 
resulting saving in cost will not suffice to pay for the ducts. 
The facility of drawing out and replacing a cable which has 
become oveiioaded or defective is not of much value as regards 
distributing mains which have service boxes at frequent 
intervals ; cables of that class rarely feil. There are cheaper 
ways of protecting tliom from the pick -axe and the pneumatic 
drill than ducts or pipes. On the otlier hand, on routes of 
feeders leading out of generating stations, ''Grid” substations, 
etc., to distribtiting substa.tions, it is well worth while to 
consider the use of ducts. A common practice on feeder routes 
is to lay an armoured cable for tlie immediate prospective 
load (immediate means witinn five years or so) and one or more 
ducts alongside so that iulditional cables maj^ be drawn in as 
required in the future. I'lie author is inclined to advise the 
laying of Ivigli-tension feodoT's in ducts always, because of the 
facility of replacing a. faulty or inadecpiate cable in minimum 
time and liivtlo oi* nx) expense Ibr l)reaking up streets. This is 
open to discuission. It may l)e said that liigli-tension cables 
are now so reliable that tljc c-ontingency of failures necessitating 
replacement is too remot^e to justify tlie exi:)ense of ducts. 
Perliaps so ; yet it is easy to })oint out some rather consider- 
able lengtlis of high-tonsioii feeders which have been abandoned 
because ffiilures luid become too frequent and they were not 
worth tlie exj) 0 nsc^ of i*ecovery. Had they been in ducts there 
would have been some salvage value, and the ducts would 
have been available (bi* new cabl(3S, 

In the UnitxHl (hud. (jonstriudiion is almost universal, 

even for disl.rilniting cables. 

In large towns the Iroquemiy of earlier underground struc- 
tures which liavc to be (lodged may be a serious obstacle to 
the laying of duets. Gas and water mains, telephone ducts, 
sewers, subways, often leave little room and few straiglit runs 
of any length. Wberovor an important line of feeder cables 
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has to be constructed in a town, it is essential to obtain, as much 
information as possible about these earlier comers before 
deciding upon a route. The road authorit}^ sliould have plans 
of all underground works. They are likely to be incomplete 
as regards mains laid perhaps fifty years c-go, and are rarely 
sufficiently detailed and on a scale to show exactly where a 
run is available. It is always advisable to make exploratoiy 
holes at road crossings and junctions, and in the vicinity of old 
buildings. Forgotten cellars and old foundations are not uncom- 
mon finds ; it is better to discover them in advance tlian to 
have work held up by surj)rises. In some parts of London 
practicable routes have only been found many feet behjw tlie 
surface. Where a large number of feeders .lias to be talcen from 
or to a generating or substation, it may be necessary to tunnel. 
Navigable rivers, canals, docks, etc., may entail tunnelling. 
It is eminently desirable to divide sucli largo i lumbers of 
feeders into several groups leaving the station by as many 
ways. When tens of thousands of kilovolt-amperes Iiave to be 
disposed of, the problem becomes serious. Tlie temjierature 
rise due to a number of heavily loaded cables wit hin a restricted 
space has to be considered ; cable tunnels have to be ventilated. 
This matter of heating by the bunching of cables lias sometimes 
been overlooked, with serious consequences. Some years ago 
a power scheme was put before Parliament which included a 
cable tunnel which would have acquired a temperature over 
boiling-point under the estimated loads. ^The [iromoters 
were quite surprised when the fact was stated by an ojuiosing 
witness, but had to admit the validity of the (criticism. Such 
an oversight is perhaps not likely nowadays ; tliere is such, a 
considerable body of experience and research about the heating 
of cables in close proximity under various conditions of laying, 
soil, etc., that there is no excuse for ignorance. The llritish. 
Electrical Research Association has pixblished several reports 
on the subject of the heat conductivity of soils, wliicli should 
be consulted. 

Where the temperature of the atmosphere has large seasonal 
variations, appreciable effects are produced on cables laid near 
the surface. American data on this subject Iiave been recorded 
and published for places like New York, Chicago, etc., where the 
seasonal temperatures range from nearly Arctic to quite tropical. 

Duct materials include stoneware (a favourite in Gi’cat 
Britain); concrete blocks, and fibre (both largely used in the 
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United States). Stoneware and concrete blocks are practically 
indestructible excepting by violence. At one time cast-iron 
pipes were frequently used in this country; they are cheap 
and durable, and just why they have fallen out of favour is 
not very clear. They are better heat conductors than stone- 
ware, concrete, or fibre. Their relatively high electrical con- 
ductivity seems to be, on balance, an advantage. It is better 
to have fault currents shunted from cable sheaths by such a 
low resistance path than to have them confined to the sheaths. 
Sheaths may be severed by arcing, and a broken sheath on a 
faulty cable in an insulating duct is highly objectionable. An 
iron pipe is a protection from stray traction currents which 
attack cable sheatlis. Stoneware and concrete block ductings 
provide a larger number of ways within a given cross-section 
than pipes ; for more tlian four ways the stoneware ducting is 
probably the cheapest in Great Britain, as the large demand 
of the Post Ofllce lias induced large scale manufacture on 
econojnical lines. For such S23ecial locations as on bridges 
where the cable way is along or under girders, etc., iron or steel 
pipes may be the only practicable protection. The circum- 
vention of obstacles l)y a small degree of curvature is more 
readily a.rrangcd witli pipes than with the block type of ducting. 
Curvature is to ho avoided as much as possible to facilitate 
drawing in cabl(\s, but a little may be allowed with discretion. 
In mining disti'icts subject to subsidence, pipes have withstood 
the efiects better tJmn blo(vI< ducts. 

This (|uestion of ducts, cable-ways, etc., is of importance in 
connection with feeders. Distributing cables cannot be deeply 
buried ; they must follow the building lines fairly closely, and 
must be easily accessible for jointing services. The proper- 
place for them is under the footpaths. Little is to be gained by 
using ducts ; but it is necessary to give the cables some pro- 
tection. Concrete slabs, creosoted planks, and bricks are 
frequently used; probably tire creosoted plank is the most 
effective, for the “feeU’ of a pick striking a plank is very 
distinctive, and a long plank is less easily shifted than a slab 
or brick. It may be a wise precaution to pre-empt a path for a 
feeder alongside a distrilmting cable by laying a duct at the 
same time. 

Electrical Features. Since the object of a distributing 
system is to supply energy in a form suitable for use by con- 
sumers, and since lighting is one of the most general uses, it 
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may be said that distribution voltages have been determined 
by lamp voltages. The earliest distributing systems of the 
early 1880’s were at 100 volts or a little over, because tliat was 
the liighest voltage for which filament lamps were then com- 
mercial articles. Edison adopted 110 volts for bis first public 
supply stations. The odd 10 volts was a provision for voltage 
drop in the mains — the origin of the multiples of that number 
which figure in modern standard voltages. In the United States 
the majority of undertakings still work at 110 to 125 delivery 
voltage to consumers. Delivery voltage is a very important 
factor in the cost of a distributing system since the current 
corresponding to a given load is inversely proportional to the 
voltage. Comparing, say, 100 and 200 volts, the voltage drop 
along a given conductor for a given load will be twice as great 
at the lower as at the higher voltage ; the percentage drop and 
the loss will be four times as great. Doubling tlie voltage, 
quadruples the load which can be delivered with equal effi- 
ciency. These considerations produced a pressure upon lamp 
makers to make lain|)s for higher voltages, leading to the 
200-230 volts now prevalent in this country. 

Before the incandescent lamp was a commercial article, the 
^'Series Constant Current” system was developed and in 
somewhat extensive use for the supply of arc lamps. Several 
methods of maintaining the output of a dynamo at a constant 
cimrent value, the dynamo voltage varying witli the number 
of lamps in use, were develojced in advance of the constant 
voltage variable current dynamo for parallel distril)ation. 
Dynamos for from 10 to 60 arc lam|)s in series, giving currents 
of the order of 6 to 10 amperes, made possible the distribution 
of are lamps over very long circuits. The voltage drop in the 
lines did not affect the lamps ; it might mean that a few lamps 
had to be sacrificed from the nominal ratings of the machine. 
The system rvas mainly used for street lighting, and survives 
to a considerable extent in the United States for tliat purpose, 
though rarely, if at all, with arc lighting dynamos. Arc lamps 
and sometimes groups of incandescent lamps dividing the 
current were installed in shops and other private establish- 
ments. It could not serve for a general public supply. It is not 
reall3r practicable to install wiring to take the full load current 
at every consuming point in a house; nor particularly safe 
to have voltages of the order of 1 000 or more volts to earth 
on consumers’ wiring. 
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At an early date higli-tensioix d.c. series systems were used 
for transmission in a few British towns. The series circuit fed 
the motors of motor-generator sets in substations. The gen- 
erators at 100 volts or tliereabouts fed l.t. parallel distributors. 
There were batteries in the substations. During low load 
periods some of the motor-generator sets could be switched 
out, and the voltage or number of the generators in the main 
stations reduced. This system greatly increased the economic 
distance range of supply over tiuit possible with direct genera- 
tion at consumers’ voltage. The substations were necessarily 
expensive ; the system could not compete with a.c. transmission, 
but one or two examples survived into the 1920’s. Particulars 
of tiie regulating arrangements, etc., are now only of historical 
interest. Tliey may be found in tlie contemporary electrical 
journals of tlie ISSO’s, under the titles of ''Oxford,” "Wolver- 
hampton,” etc., systems. 

There are some advantages in constant current series working 
for long distance transmission ; one such system has been in 
successful use in Fraruie for many years. 

The incandescent lamp (jailed for a parallel system, so that 
any lamp could be turned off or on witliout affecting any other, 
i.e. tlie voltage at the consunKus’ terminals had to be sub- 
stantially constant- irrospectivo of tlie consumers’ load. As 
above mentioned, 100 volts was at first the lamp limit; the 
first supply mains at that pressure wore two-wire. This was 
soon developed into a three-wire system, in whicli tlie load 
was divided l)ctweoM the positive and negative "outers” and 
all loads cionne(ft-ed to tlio middle or neutral wire. This was a 
series-parallel system; it halved the voltage drop for a given 
current in tlie outers, or doubled tlieir load capacity as regards 
voltage drof). As oacli outer could carry double the current, 
the capacity of the pair was (piadrupled at the expense of 
providing a tliird conductor. The mid(ile or neutral conductor 
was necessary to carry any out-of-balance current due to 
unequal loading of the outers. Unequal loading produced 
different voltages on tlie more and less loaded sides ; this was 
taken care of by balancers and regulators of several kinds in 
the station. The three-wire system was immediately successful, 
and was adopted on a great scale. It is almost universal to-day 
with, botli continuous and single-phase current distribution. 
An extension of tlie three-wire system to a five-wire one was 
made by Dr. Hopkinson, and adopted in a few places. That 



38 EG0N0MIG8 OF ELEGTRIGAL DISTRIBUTION 

had a more pronounced ''series” character; it economized in 
conductor capacity and largely extended the practicable range 
of distribution. It had some considerable disadvantages ; the 
voltao-e to earth of consumers on one of the outers was double 
the service voltage; balancing was more troublesome. The 
commercial production of 200-volt lamps put the five-wire 
system off the map, because the simpler three-wire system had 
its capacity multiplied by the change of voltage, at less cost. 

Distribution by alternating current and transformers was 
developed almost as early as the constant voltage continuous 
current system. Gaulard and Gibbs installed the first of tliat 
kind in this country. They used a constant current series 
circuit with all the transformer primary windings in series 
with the line. This was not satisfactory for variable loads in 
parallel on the secondary sides. Ferranti, in this country, saw 
that a parallel connection on both sides would meet the re- 
quirements ; also that the transformer, being a static macliine, 
could be w^ound for a very high voltage on the primary side, 
and for any desired voltage on the secondary or consumers’ 
side. The outstanding advantage of alternating current 
systems, considered solely from the point of view of economy 
of transmission, is that the transmitted and distributed volt- 
ages can each be selected to suit the economic and utilization 
requirement without the intervention of moving machinery, 
w'-hich is indispensable to voltage transformers on continuous 
current systems. The early alternating systems ^vere single- 
phase, mostly with transformers on oacli consumer's premises. 
That proved wasteful and otherwise objoctionable. Sub- 
stations with large transformers feeding di,stril)ating mains 
have supplanted the individual transformers for general supply. 
The three-wire system of distribution was appro|)riaf>ed from 
continuous current practice. Three-phase generation has dis- 
placed single-phase for reasons quite distinct from tliose 
connected with distribution, even where continuous current 
and single-phase distribution are in use. 

Tliree-phase transmission and distribution are more eco- 
nomical than single-phase; just how mucli more economical 
depends upon the conditions of comparison, A three-phase line 
may be regarded as the equivalent of three single-phase pairs 
of conductors of twice the individual section, delivering an 
equal load with equal losses ; the three conductors of the smaller 
section taldng the place of the six of larger. The ratio is then 
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one-quarter of the oonductor weight for the same duty. This 
takes no account of voltage difference and is for the most 
favourable re-arrangement of the supposed tliree single-phase 
windings or alternators, viz. in star and for a balanced load. 
If conditions as to potential difference between the conductors 
or to earth are to be met, or if a fourth neutral conductor 
connected to the star point is needed for out-of-balance 
current, the gain will be less. 

Three-phase transmission lines are of three conductors. In 
this country the neutral or star-point of the system is earthed 
at the source ; the three conductors then have equal and 
symmetrical voltages to earth. Unearthed neutrals are in 
favour on the Con.tinent ; the arguments pro and con need not 
be discussed here. The usual high-tension voltages for feeders 
and interconnectors witlvin the area of supply of separate 
undertakings in this country are 6*6 and 11 kV. There are 
some instances of 22, 33, and a few of 66 kV. among the larger 
undertakings. 

Both continuous (‘^‘’direct”) current and single-phase gen- 
eration must be considered as obsolete for public supply on 
any but the most limited scale. The primary feeder system 
will always l)c tliree-pliase. 

In large towns tliere is a tendency to employ a system of 
prima-ry mains at 33 IcV. su{)j)lying substations whein tlie 
voltage is ste])pcd down to 6*6 or 11 kV. on a secondary system 
of feeders to the substations supplying the ultimate distribution 
system. In some of these places tlie higher voltage was no 
part of the original design, but became necessary in consequence 
of the growth of load, and/or the difficulty of getting sufficient 
cable-way capacity on tlie routes leading from the generating 
stations. The lower voltage lines of the C.E.B. are at 33 kV. ; 
it is a common voltage for interconnecting lines between grouped 
generating stations and is likely to become usual for primary 
distribution. 

The standard system for detailed distribution is three-phase 
four -wire. In Great Britain the standard voltages are 230 
volts phase-to-neutral, 400 volts between phases, or outer 
conductors. In tlie United States (and some continental 
countries) about half those voltages are more general. In most 
countries some standard voltages are prescribed by regulations. 
There can rarely be good reasons for adopting any other than 
the three-pliase four-wire distribution in new work. There is a 
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great extent of single-phase distributors surviving from earlier 
conditions. To-day these are mostly fed from three-phase 
substations; the several distributors being grouped to get 
approximately balanced phase loads. It may be expected that 
these will be gradually converted to four- wire systems. 

There are also some surviving continuous current three-wire 
systems fed from converter substations. Tlie conversion of 
these, to the standard system presents somewhat serious 
problems, which will be discussed in their place. 

There are some purposes for which the standard system is 
not applicable. The most important is that of electric traction, 
tramways, trolley buses, and railways. These require con- 
tinuous ciuTent at voltages of from 550 to 3 000. In the past 
it has been common to provide generating stations for these 
undertaldngs. A good many survive. In any case the traction 
supply has to be separate from the general distribution ; hence 
where both general and traction supplies originate in a station 
used for both, substations with converting maclnnery are put 
dovm for the traction supply. The independent traction station 
will cease to be usual. The Grid supply at 33 kV. to traction 
substations vdU become increasingly common for railways. 

These and other special cases will liave to be discussed 
separately. 

The foregoing discussion has been somewhat wide and general ; 
it is desirable to consider in more detail the particular features 
of different systems of distribution. Overhead lines must be 
given a separate chapter, but some of tl)e electrical features 
are common to both overhead and underground lay-outs. 

Series Systems. In order of priority tlie series system stands 
first. Both alternating and continuous current were used in 
the late 1870’s vdth arc lamps, mostly for street, railway station, 
and works lighting. The alternating eurreiit systems included 
the Jablockhoff (candle) and German Siemens, both rather 
extensively used in Europe. In the United States, Brush and 
Elihu Thomson invented continous current dynamos and lamps, 
together with regulators, etc., to work with them. The essential 
feature of the series system is that the current is uniform all 
round the circuit. The dynamos and regulators were designed 
to that end ; lamps could be switched on and off independently ; 
and the d3niamo voltage was adjusted to suit the number on 
circuit, sometimes by alteration of the engine speed. As such 
dynamos were made for as many as 60 arcs in series, needing 
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about 3 000 volts at the terminals ; they were the pioneer 
high-tension machines. As the performance of the lamps 
depended only on the constancy of the current, voltage drop 
in the mains was of no other consequence than that it might 
reduce the rating of the machine in lamps. For the purpose of 
running lamps distributed over a large area, several miles of 
streets, etc., this system had good points. The current being 
usually under 10 amperes, only a small conductor was required. 
A No. 8 S.W.G. was commonly used for overhead lines; the 
line was essentially a loop of one conductor which might take 
any complicated course to pick up lamps over distances of 
several miles from the station. It was the first method by 
which electrical energy was commercially distributed over 
quite long distances; the most distant lamp ran as well as 
the nearest. Evidently the losses in the line were constant so 
long as the current flowed ; that was not a serious matter for 
street lighting and other uses where either all the lights or 
none were required at different times. 

The series constant current system survives extensively for 
street lighting in the United States, but has been generally 
converted to alternating current supplied from constant current 
transformers ; the lamps are now mostly incandescent, either 
taking the line current direct or fed by individual transformers 
with the primaries in series. Some trials of the new gaseous 
discharge lamps on series circuits are in progress. 

It seems that the series system is worthy of consideration for 
street lighting ; the lighting can be controlled from the supply 
centre without switching circuits or time switches, independ- 
ently of the general distribution. In the early years referred 
to there were cases of supply to private consumers : both arc 
lamps and groups of incandescent lamps were put into shops, 
hotels, and private houses. But this was a transient condition ; 
the necessity of taking the whole current to every consuming 
device and the existence of perhaps over 1 000 volts to earth 
on consumers’ wiring were inconvenient features. Nevertheless, 
good pioneer work was done before any other means of dis- 
tributing to long distances from the source were available. 
It has already been noticed that the first a.c. system with 
transformers was a series system as regards the transformer 
primaries. 

A high-tension continuous current series system has been 
in use in France for many years quite successfully ; for very 

4— (T.42) 
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long distances continuous current lias some adv^antages over 
alternating current, and there is a distinct possibility that it 
may be so used in the not very distant future. This, however, 
is outside the scope or examination of distribution systems. 

Parallel Systems. These were developed to serve incan- 
descent lamps. An ideal parallel system maintains a constant 
voltage at each point of use irrespective of tlio load tliere, so 
that lamps can be switched on and off independently. In 
practice there must be some variation of voltage Avith. the load 
on the mains. The general problem of parallel systems is to 
keep the variation at every point of use witliin tolerable 
hmits and at the same time the cost of the mains within com- 
mercial limits. It is unnecessary to recount here the stages of 
development of dynamos and regulators aiming at the main- 
tenance of a steady voltage over a distributing system. The 
relation between economical distribution and lamp voltage 
has already been noticed. The outcome as regards distribution 
was the three-whe system; ultimately for 200-230 volts 
(exceptionally, 250 volts) with double tlie lamp voltage across 
the outers of continuous current mains. The radius of eco- 
nomical distribution at that voltage is small. In large cities 
it involves generating stations near the load centres, witli 
considerable difficulty in finding sites at reasonable prices — 
in coaling, ash removal, and especially with, circulating water. 
That practice, once prevalent, is obsolete. Direct generation 
of continuous current is good only for small areas and loads. 
A radius of perhaps 2 miles may be covered economically, but 
if the load in the area justifies generating units of more than 
a few hundred kilovolt-amperes, alternatmg current generation 
will usually be more economical. 

Excepting in such small area cases the three-A\dre continuous 
current system only survives the abandonment of the in-town 
generating stations, and is now fed by rotary converters, 
motor-generators, and mercury arc rectifiers supplied through 
three-phase high-tension feeders from large stations. No 
engineer would plan such a combination to-day. 

Alternating current parallel systems were at first single- 
phase. The advantage of independence of the primary and 
secondary voltages of transformers allowed the use of high 
voltages between the generating station and the loads ; the 
ultimate distribution could be kept within economical dis- 
tances from substations ; and over large areas the savings on 
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the distribution were great, as the generating stations could 
be placed on cheap sites, with condensing water, coaling and 
ash disposal facilities. In point of time alternating current 
and continuous current general supply systems developed 
together; and there was a lively controversy between the 
advocates of the two which is now of only historical interest. 

So long as the chief use of electrical energy by consumers 
was for lighting, there was little to choose between a.c. and 
d.c. The a.c. systems adopted the three-wire distribution and 
similar voltages to the d.c. systems ; but the change from the 
original 100/100 to the higher range made possible by lamp 
improvements was considerably more tardy than on d.c. 
systems because the cost and capacity of the l.t. distributors 
was of less concern. An increase of capacity could be obtained 
by putting in more transformers at shorter intervals. 

Where motive power was required by consumers, single- 
phase supply Avas at a disadvantage. Some fairly large under- 
takings introduced two-phase supply to meet demands for 
power. It was quite easy to run both two-phase and single- 
phase distribution from a common station and transformers. 

Three-pliase generation and transmission was originally 
utilized for power transmission. The history of its develop- 
ment is very interesting, though this is not the place to give it. 
The earliest examples on a large scale seem to have been for 
traction purposes, e.g. for the Dublin TraniAvays where three- 
phase energy was converted to continuous current by means 
of rotary converters in substations. It was well known that 
three -pliaso alternators were smaller and cheaper as well as 
more efficient than single-phase machines for like outputs ; also 
that three-pliase motors of good characteristics could be made 
more cheaply than d.c. motors. The economy of three-phase 
transmission and the sixccess of the tramway examples of 
converting substations led to similar installations replacing 
the in-town stations of the d.c. systems in large cities ; eventu- 
ally to three-phase generation as the most economical for large 
stations in general and three-phase transmission as the best 
means of intcr-(M)n.nccting a number of stations ; and so to the 
''Grid’' of the Kritish C.E.B. and similar schemes in other 
countries. So it may be said that the continuous current 
undertakings led the way in three phase practice, but they did 
not at first change their distributing systems. Single-phase 
undertakings gradually adopted three-phase generation on 
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account of the superiority of three-phase generating plant, 
especially turbine alternators. Alteration of their mains to the 
three-phase form involved considerable cost. In some cases 
they put in converter stations and distributed continuous 
current in parts of their areas where there was a considerable 
demand for power. 

The superiority of the three-phase four-wire distributor over 
any competitor is now universally acknowledged. The general- 
ization of three-phase bulk supply, and the official standard- 
ization of the four-wire system make those plans practically 
umversal for new work in this country and most otliers, though 
continuous current and single-phase distribution, are likely to 
survive in established undertakings for a time. 

In addition to traction, certain industiies recpiire large 
continuous current power. Such are aluminium manufacture, 
copper refiixing, electro-plating, chemical works, and some 
metallurgical furnaces. If these are supplied fi'om general 
mains some kind of converter is indicated. Even wliere such 
•industries have their own generating plant, it will usually be 
three-phase at one of the standard voltages. 



CHAPTER V 

PEIMARY AND ULTIMATE DISTRIBUTION 

Eok reasons adduced in. the preceding chapter, it may be 
assumed that in any new undertaking there will be a “ primary ” 
system of high-tension feeders, and a “secondary” system 
of distributing mains. Also that existing undertakings will 
in time conform to this general plan. In some oases there 
may be three systems, a high-tension transmission to load 
centres ; a lower tension distribution to individual transformer 
substations, and the distribution mains. 

The source may be a local generating station designed for 
the particular area only. In the near future the source will be 
either a “selected” station, feeding into the Grid as well as 
the local network, or a Grid substation. The station voltage 
will usually be 3 300, 6 600, or 11 000 volts. Either of these 
is suitable for the direct feeding of transformers. A Grid 
supply will usually be at 33 000 volts. That is not suitable for 
the direct feeding of small substations as both cables and 
transformers for that pressure are unduly costly in smaU 
capacities. It is a quite suitable pressure for a primary system 
feeding large substations of, say, 5 000 kVA. capacity each or 
over. Extension to smaller outputs now in progress may make 
this statement out of date before long. 

The choice of voltage for the more detailed feeding lines to 
distributing substations is mainly determined by the radius of 
distribution; voltage drop to the most remote substations 
may probably be the deciding factor. As explained in Chapter 
III, the most economical current density can be calculated 
from the Kelvin relation if the load characteristics can be 
forecast ; the cost of energy at the source and the price of the 
cable being also known. If the supply is on a buUc tariff with 
a kilowatt charge, the Idlowatts of the losses at the maximum 
load should be brought in. Evidently a given voltage drop per 
mile is a smaller percentage for a higher than for a lower 
delivery voltage, so that the permissible maximum distance 
of transmission rises with the voltage, as does also the Idlovolt- 
ampere capacity of a given size of conductor. On the other 
hand tlie permissible maximum current density for heating 
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falls off with increase of working voltage. There is not a very 
great difference in this respect as between, say, 6*6 and 11 kV. 
cables, nor in the cost per ton of copper for equal sizes. 

Probably for such areas as those of a town of up to 250 000 
inhabitants, and for a maximum feeding distance of about 7 
miles, 11 kV. will be found economical ; but it is always worth 
while to compare the calculated costs and charges for two or 
more pressures. If the available cable routes are constricted or 
difficult, or if a very large total power has to be got away 
from the source, it may be advisable to select a Jiigher voltage 
in order to reduce the heating of the soil, subway, or tunnel 
where the feeders are bunched. This consideration may lead 
to the adoption of, for example, 33 kV. to get the load out, 
transforming down to 11 kV. at some convenient place. If 
the som*ce is a Grid substation 33 kV. will be available there. 

The ultimate distribution in this country will usually be on 
the standard three-phase four-wire system at 400 volts between 
phases and 230 volts between each phase and neutral. Services 
to small consumers will be single-phase, one phase wire to 
neutral. It is desirable to keep the phases balanced locally; 
providing for that purpose some means of transferring indi- 
vidual consumers from one phase to another as may be re- 
quired. The ultimate distribution system is the seat of tlie 
largest and most expensive losses; the largest because the 
current is so much greater (27 times as much on a 400 volt 
distributor as on the 11 kV. feeder to a substation), the most 
expensive because the losses there have to be charged with the 
loss factor and the capital charges of all the preceding mains, 
transformers, etc. The voltage variation at consumers’ ter- 
minals has to be considered, as that is likely to be the limiting 
factor in the loading and radius of distribution which can be 
allowed. The ultimate distribution system is the largest item 
in the cost of the whole, and therefore the design merits the 
closest attention. Unfortunately, it is the part least amenable 
to forecast of the loading conditions. 

In dealing with existing single-phase distributions there will 
almost always be some three-wire distributors which it is not 
possible to change over to four-wire immediately; whether 
for reasons of the cost or merely because the conversion must 
take place by stages. Such three-wire distributors may be 
connected into a four-wire system through suitably wound 
transformers or auto-transformers, care being taken to balance 
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the loads between the phases as nearly as may be. Large 
consumers, especia-lly those with much power demand, are 
most economically supplied at high-tension, with transformers 
on or immediately adjacent to their premises. 

In densely loaded areas with many large consumers, the 
higli-tension may become virtually the ultimate distributing 
system, wntli transformers for each large consumer. It is quite 
on the cards that this reversion to the old “house transformer” 
will become necessary, because of the sheer physical difficulty 
of finding room for the large low-tension mains otherwise 
necessary. 

At the other extreme, in a rural area with farms, houses, 
and villages separated by considerable distances, a similar 
arrangement will be required. There may be some short low^- 
tension distributors in the villages to individual consumers. 
The substations hr these circumstances will frequently be 
pole-mo unted transformers . 



CHAPTER VI 
NETWOEK TYPES 

The types of distribution networks may be divided into — 

(1) Radial. Feeders radiating from the supply source to 
individual loads or load centres, or to hues of loads strung along 
the feeders. This type is used for high-tension feeders in towns, 
each feeder suppl 3 dng one or more substations ; and also finds 
application in districts with scattered loads. 

(2) Ring. Ring mains are those surrounding a load area. 
They have rarely been part of the original lay-out, but have 
been superimposed upon the original radial or mesh arrange- 
ment as that became overloaded. Particular eases are those 
of large cities supplied from a number of generating stations. 
The ring mains interconnect the stations forming an extended 
bus-bar, usually at either the generating voltage or a stepped-up 
higher voltage such as 33 or 66 kV. Primary substations are 
located on the ring or on branches from it. This type of primary 
network is likely to become more common; it is worthy of 
consideration for comparatively small towns and for rural 
districts. The original radial lay-out has in many cases 
developed into a series of rings by the connection of what were 
dead ends into continuous loops. The ring type of feeder has 
the advantages that each point may be fed from two directions ; 
and that individual load variations have smaller effect upoir 
the voltage drop ; the point of lowest voltage shifts with the 
distribution of loads around the ring in an advantageous 
manner. 

(3) Mesh. The mains form a network with loads distributed 
along the lengths between the intersections. The feeding point 
or points are located with as much regard to the local load 
distribution as may be practicable. In built-up areas the 
distributing mains inevitably take a mesh form conforming 
to the street lay-out. Every load point can be reached by two 
or more routes. The load variations are partly compensated 
for as regards voltage drop by varying division among different 
routes, and the conductors are more fully utilized by such 
division. 

These three types merge into each other. Radial feeders 
become rings when their ends are connected together; if 
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occasion arises for cross connections they become meshes. One 
may regard a mesh network as a series of rings. It may be fed 
from the supply source through a number of radial feeders. 
This is the usual arrangement of d.c. distribution in towns. 
Feeders radiate from generating or converter stations to 
suitable points on a meshed network of distributing mains. 
In a.c. systems the feeders are usually high-tension to trans- 
former substations. 

The radial feeder lends itself readily to calculation. The 
simplest case for calculation is a point-to-point transmission 
of a certain load. If the load is distributed along the feeder 
instead of being concentrated at the end, the calculation is only 
increased by having to be made for each section between the 
loading points. Such a load distribution calls for a stepped- 
down copper section to give approximately uniform current 
density along the whole length. It may be the Kelvin density, 
or determined by the voltage drop at the maximum load. A 
radial feeder may reach some of its loads by branches off its 
topographical line; it then becomes a '‘tree.” This intro- 
duces an additional element into the calculation, viz. the drop 
in the bra,nches at their individual maxima loads. Two adjacent 
radial feeders witli branches may become a ring by the meeting 
of branches from each, or by connecting across their ends. 
Such connections do not introduce serious difficulties into the 
calculations; the ring may be regarded as two feeders in 
parallel for normal conditions. But if the possibihty of the 
ring being cut at some point and some of the load having to be 
fed the long way round is considered, the cable sizes will have 
to be heavier than are required for normal working in order to 
keep within either the permissible voltage drop or cable heating 
while the abnormal conditions prevail. As these will be of the 
emergency order, the extra copper losses are not of consequence ; 
but heating and voltage drop must be regarded. 

A ring feeder system gives some increase of reliability of 
service over the plain radial feeder plan, at the cost of extra 
capital charges. 

In large town areas ring arrangements have often come into 
existence in the course of development as reinforcements of an 
original radial system, the radii or branches from them meeting 
at certain substations. They may be permanently connected 
at such points, or only connected on special occasions; fre- 
quently the substation load is split between the two. A 
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Bixiltiplicitj^ of such interconnections becoineB a mesh notwoi'k. 
The question of working the whole network interconnected or 
divided into sections — usually with switcliing a-rraiigements to 
modify the degree of interconnection — is largely one of reli- 
ability and convenience of operation. It has some relation to 
the size of the generating or transforming units at t he immediate 
soince. It is convenient to be able to group feeders to give a 
suitable load to each unit or to each bus-bar section. There 
may be maintenance of synchronism between tlie sections by 
reactance connections. For several reasons it is desirable to 
take precautions to prevent feeders on different bus-bar sections 
being paralleled at substations. The feeder system is run as a 
number of separate sections each supplying its own group of 
substations ; transfer of substations from one feedcu* section to 
another is made possible by controlled switcliing. 

A different plan is followed in some large A:oieri(*un cities. 
The high-tension sections are not paralleled at the generating 
stations, but through the low-tension network, “pa-ralleling 
at the load.” 

If one could plan a large system for its ultimate development 
(which has not been the case in the past, and may never be), 
probably a radial system with some rings would be adopted. 
Something like that is being developed in certain large cities 
wdiere the original high-tension system has become a meshed 
network, and is now having superimposed upon it a feeder 
system at a much higher voltage, 22, 33, or occasionally 66 kV., 
on a radial plan to large step-down stations. The original 
primary network thus becomes a secondary distribution. 

A primary high-tension ring has been adopted in some large 
cities where several generating stations serve the whole area. 
Paris is an example. A 60 kV. ring main surrounds the city ; 
it is fed into by a number of generating stations, and by 
transmission lines from distant water-power plants. At suitable 
places, haviug regard to the local load distributions, there are 
stepping-down substations to the local secondary networks 
which were originally primary networks. Similar ring main 
systems are in course of development in Berlin and in parts of 
the London area. But see a later note of the plans in prospect 
for the Berlin area. In Chicago a 66 kV. ring connects all the 
generating stations and transmission line termini, and is 
treated and worked as a general bus-bar. 

Where the growth of load makes such a superimposition 
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necessary there is an opj^ortunity for planning from known 
data. The load distribution is known : its rate of growth can 
be forecast with fair accuracy. 

There is some difference of opinion about the advantages of 
running all liigh-tension sections interconnected into a meshed 
network in parallel; or in separate sections. For maximum 
economy and minimum voltage variation due to local loads 
parallel working is the better. It may, however, concentrate 
very large amounts of energy on any fault and impose excessive 
duties upon circuit -breakers ; hence separate working is pre- 
ferred by many. A compromise method is the so-called loose 
linJdng plan. Sections are linlved at certain points through 
lightly set circuit -breakers, and a fault on any section trips the 
circuit-breakers. Generally this is applied where each section 
is fed by a separate station, or off separate bus-bars. The 
tripping leaves the station feeding into the fault to deal with 
its own troubles, which it may be able to do in a fairly satis- 
factory Avay. At tire worst the remainder of the system is 
unaffected. 

From this discusBion it will be seen that the design of a 
high-tension system for a large city has to take into account 
other than purely economic considerations, and merits very 
careful detailed study. 

Feeders into rural districts with scattered loads — ^farms, 
small villages, perliaps factories — are necessarily at first of the 
radial type. They can be designed for maximum economy if 
the loads and load cliaracteristics can be forecast. Estimates 
are rather specMilative. Sucli lines will usually be overhead. 
Certain minimum cojiductor sizes are necessary for mechanical 
safety and are prescribed by regulations. Within limits, the 
cost of a line of posts or masts is little affected by conductor 
size ; but at some point the limit is reached, and heavier and 
more costly supports are needed, so that the cost goes up by 
large steps. Rural feeders usually follow main roads: their 
remote ends may diverge widely. Reliability of supply will be 
improved by joining tlie ends of pairs into rings. In some 
cases the ring main is a natural way of picking up the various 
villages, etc. In any case it is worth while to make a close 
study of load distribution and line routes over a rural district 
to see whether it can be served by ring mains. The two-way 
feeding and the consequent minimization of the effects of the 
accidents to wliich o verhead lines are liable is of much value. 
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In built-up areas the ultiuiate disi.i-ibuting uetworlv is alwajrg 
of the mesh type, conforming to the street plan. There are 
some essential differences between the elements of economic 
design for d.o. and a.c. networks. For d.c. distribution the 
substations are relatively expensive in iirst (tost and attend- 
ance, small ones being more expensive for tiieir capacity than 
large ones. Consequently, the general practice has been to set 
up fairly large substations feeding correspondingly large areas 
by radial feeders to sidtable points. Fconomic planning 
involves a balance between the costs of fewer substations with 
longer feeders and more substations with shorter fiteders. This 
position has been recently modified l>y tint advcvnt of tlte mer- 
cury arc rectifier which makes tlie establishment of more and 
smaller substations less onerous; but tlicy remain more 
expensive than transformer substations of c(pial (lapacity. For 
a.c. distribution the relatively low cost of transformer sub- 
stations favours direct feeding of the networks by substations 
at such points that the average length of the low-tension mains 
is small. In effect the low-tension feeders of the d.c. system 
are replaced by high-tension feeders and transformers. The 
effective capacity of the network can bo muhijrliod by adding 
substations as necessary. Design conditions are more elastic 
and load growth can be met at less exi^eiise. The areas supplied 
from each substation are smaller tJian those which, are 
economical with converting substations. 



CHAPTER VII 
TOWN DISTRIBUTION SYSTEMS 

The last chapter dealt in general terms with network types 
and their applications. It is desirable to discuss the planning 
of a distribution system in more detail. 

In a built-up town it may be assumed that there will eventu- 
ally be mains along every street : a plan of the ultimate de vel- 
opment in outline will be a street plan of the town, in general 
a meshed network, with a variety of shapes and proportions 
of the meshes. 

A preliminary examination of the relevant data (i.e. the cost 
of energy, the anticipated load and form factors of the loads, 
and the cost of cables in terms of the copper weights,) permits 
the determination of the most economical current densities, 
as explained in Cliapter III, and therefore of the mean radius 
of distribution from each substation which will give a voltage 
drop within the prescribed limits. The most economical 
current density and rate of voltage drop may not be the same 
for all parts of the area : differences in load and form factors 
as between industrial, residential, shopping, and other distin- 
guishable districts may have to be taken into account. 

The radius of distribution so fomrd de-hmits the area to be 
supphed from each substation. The spacing of the substations 
should be such that no part of the area is at a greater distance 
from one or more of them. Applying this to a map of the area 
wiU divide it into a number of sub-areas with a substation 
central to each. With the substations spaced apart 1-732 times 
the radius of distribution, the sub-areas will be hexagons with 
sides of length equal to the radius. Spacing the substations 
T414 times the radius apart, the sub-areas become squares of 
that length of side. The hexagon plan requires the minimum 
number of substations. 

Such a plan gives the ideal number and positions of sub- 
stations over the area considered. It is rarely possible to 
realize the ideal ; the ideal affords data for preliminary esti- 
mates and a useful “yardstick” for comparison with any 
practicable lay-out after consideration of the run of streets 
and other conditions. Of the practicable alternatives the one 
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wliicli approximates most nearly to the ideal or symmetrical 
disposition should be preferred. 

The next step is to estimate the loads to be provided for in 
each of the sub-areas. The estimates should prudently forecast 
future conditions, say for five years ahead. Assuming that 
the district has had no electric supply, the best guide is statis- 
tical information from similar areas interpreted in the light of 
close inspection of the place. Experience shows that under- 
esthnates of the growth of load are more expensive than 
optimistic estimates. If the planning is being made for exten- 
sions of an existing undertaking, or for the conversion of a 
d.c. system to a.c., there will be much more information about 
the loading and the probable growth of load than in a virgin 
district. 

The estimates will give a total load for each ideal sub-area, 
consequently of the required capacity of each of the sub- 
stations. 

The next step is to consider where the real substations can 
be placed. The form of the street meshes will usually suggest 
positions at street junctions whence the distributors can lead 
out in several directions. If the area loads are in excess of the 
transformer capacity which can be accommodated in under- 
street boxes, or Idosks, sites may have to be found for buildings 
or outdoor substations. The cost of such sites as may be avail- 
able will have to be considered; a complication which may 
considerably upset the ideal locations. On this account as 
well as on account of the magnitude of the expected load, 
it may prove better to divide the substation capacity between 
two or more places in some areas. On the other hand, it may 
prove better to supply two of the ideal sub -areas from a single 
substation, at least as a first stage. The immediate load 
expected in some of the areas may justify deferring the cabling 
and substation provision to a later stage of development ; but 
it is wise to have the plans ready for that development and 
fitting into the complete scheme. It may be remarked that 
experience shows that canvassing for consumers before mains 
are laid ready to supply them gives little indication of the 
demand which will arise when it can be met at once. Also, in 
this country there are compulsory areas within which supply 
must be available within a certain time of the grant of the 
powers. 

The position of a substation in respect to the area which it 
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serves is a factor in the lay-out of the distributors in that area, 
since the copper section of the mains leaving the station must be 
sufficient to carry the whole load without excessive voltage 
drop or heating. Hence the location of substations may entail 
a departure from the most economical copper section. The 
cable sizes to be used must therefore be calculated with refer- 
ence to voltage drop. Here comes in an application of the 
yardstick.” The sizes, lengths, and cost of the mains from 
the ideal central position can be compared with those conse- 
quent upon any other position; and the difference of cost 
may then be considered as the cost of departure from the ideal. 
Evidently alternative positions can be compared for selection 
when the costs of the different sites come into the reckoning. 

In the outer suburbs of large towns the loads may be chiefly 
distributed along certain main roads. There are also some 
towns, not all of them small, of the “backbone” type; 
stretched out along a coast line, a valley, or a main highway. 
In these cases tlie mesh reduces to a “tree ” with short branches ; 
the areas served by each substation are substantially linear 
and of small breadth. There may be networks of streets 
running o:ff the main line at some points ; whether they require 
substations off tliat line, or can be economically served from 
some along it, is a question of the magnitude and distances of 
the loads. 

Such strung-out districts are easily planned. The theoretical 
spacing of substations along them is twice the voltage drop 
range at the selec-ted current density. A high-tension feeder 
will run tlie whole length. The low-tension distributor size 
will be chosen with, regard to the estimated load. Usually the 
assumption that the load on each length will be lumped at the 
centre will be safe. Since the high-tension feeder runs along- 
side, an increase of load can be readily met by putting in 
additional substations. Also, any large individual loads can 
be supplied by transformers on or near the consumers’ premises. 
Undergroxxnd cliambers or kiosks will generally be the most 
economical form of substation; but in this country 75 kW. is 
the maximum capacity allowed in underground substations, 
so that expedient may not always be practicable. Street 
corners will be the best locations, so that low-tension feeders 
into side streets can be taken straight out. Such side branches 
may take a partial ring form, leaving the “backbone” line 
by one street and returning to it by another. This is a very 
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convenient way of dealing with any long narrow area ; every 
part of the low-tension distributors will be fed from two 
substations, either of which may be switched out for cleaning, 
testing, etc., without interruption of supply. In the original 
lay-out of such an area some of the branclies ma,y run out to 
dead ends, it is well to keep in view the possibility that at some 
future time there will be a call for branches joining across the 
ends. This is especially likely where tlie area is in process of 
building up. The branches should therefore be of sufficient 
size to carry the loads likely to be added by the developments. 

In its simplest form the high-tension feeder along a ''back- 
bone’’ will be of the dead-ended radial type, affording only a 
one-way feed. Provision for increasing the capacity may be 
made by laying a spare duct alongside, so tliat a second cable 
can be pulled in when necessary. Then alternate substations 
may be transferred to the new cable. With appropriate switch- 
ing arrangements the whole line can be given the ecj[ui valent 
of a two-way feed. 

Por the case of an already built-up area requiring substations 
of large capacity, the positions will be largely determined by 
the cost of sites for buildings or enclosures ; and with regard to 
the run of the streets so that the mains can be got away com- 
fortably in several directions. The major consideration is that 
no substation shall have to supply beyond the economical 
radius. The practicable positions may well depart from the 
regular spacing shown on the load plotted plan, but that plan 
will still be useful as a basis for estimating the loads which can 
be most economically supphed from each substation and the 
capacities of each. It may well be that the actual areas and 
substations location bear little resemblance to the original plan. 

It is true that at present load estimates in new areas are at 
best scientific guesses ; and the deduced substation capacities 
can have no greater accuracy than the data upon which they 
are based. But the most economical spacing is more definitely 
determinable ; and even if the immediate load does not warrant 
equipping the full number of stations, the necessary sites may 
be pre-empted in advance, and the mains lay-out arranged to 
make use of them without much alteration. 

The meshed network fed from each substation will be nor- 
mally all in parallel. It is usually advisable to provide means 
of isolating individual street lengths by means of links in 
junction boxes at street corners. Whether these links should 
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be fuses is debatable. At least the fuses — ^if used — should be 
reckoned as protecting the cables ; they should only blow for 
a sustained load little short of that which will permanently 
damage the cable. American practice favours solid connection 
of each network. If a fault develops in a cable it is reckoned 
that it will burn itself clear, severing the conductors. But that 
is for the American 115-125 volts phase-to-neutral. With the 
British standard 230 volts such self-clearing cannot be rehed 
on. Fortunately dead short circuits on modern low-tension 
cables are rare. But the navvy’s pick or the pneumatic drill 
may intervene. 

Another aspect of linking up arises at points where the 
networks normally fed from different substations meet. They 
may be kept disconnected with link boxes or pillars available 
for linking up in abnormal conditions, or connected by rela- 
tively light fuses. As a general rule, the linking on special 
occasions seems preferable. That localizes the effect of any 
trouble to the particular section on which it arose. Light 
fusing has a partial effect of the same kind ; on the other hand, 
if it becomes necessary to feed a part of a network from other 
than the usual substation, the light fuses must be replaced by 
links before that can be done. If adjacent networks are on 
different Iiigh-tension feeders, they are best kept separate, 
as there are considerable objections to the indirect paralleling 
of high-tension feeders through low-tension networks, unless 
that system is deliberately adopted. 

In densely loaded areas the question may arise whether to 
put substations at a closer spacing than that determined by 
the radius of supply set by economical loading of the low-ten- 
sion cables. If it is a case of original lay-out, the question can 
be solved by putting the additional cost of two substations 
against that of one of the same total capacity plus the extra 
cost and losses in low-tension mains from the single station. 
More often the question arises as the result of the growth of 
load beyond that provided for originally. 

In such cases there can be little doubt that the increased 
load should be met by a suitably placed second substation. 
The alternative of putting more transformers into the original 
station and running low-tension feeders to the heavily loaded 
part of the network will usually be more expensive and less 
economical than a second substation; that will reduce the 
losses as well as increase the capacity of the network. 
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Feeders to suitable points was the original d.c. practice, 
justifiable because of the high cost of converting substations ; 
the much lower cost of transforming substations completely 
alters the balance of economy. 

It is just as true for ''built-up” areas as for the "backbone” 
areas previously discussed, that it is more economical to add 
transformers at the right places than to reinforce an existing 
low-tension network. If heavy loads are imposed by new large 
consumers, it is always worth while to consider putting down 
transformers for such loads. 

All this discussion is necessarily general. It is impossible to 
do more than point out the main considerations ; every case 
must be considered by itself. The cost of low-tension networks 
and of the losses in them are such large factors in distribution 
costs that thorough consideration is essential to the planning 
of a soundly economic lay-out. The losses in the low-tension 
distribution are those of the highest cost (excepting those from 
under registration of consumers’ meters), they include the 
capital charges and losses pertaining to the high-tension feeders 
and the transformers in addition to the generating costs. 

The problem of economical distribution may be approached 
from a different angle than the one indicated in the foregoing 
discussion. In that the radius of distribution has been taken 
as that which will give the permissible voltage variation with 
the most economical current loading of the distributors run 
at the declared voltage at consumers’ terminals. That radius 
may not be the most economical. Evidently the shorter the 
mean distance of transmission at the low voltage, the lower will 
be the losses. Reducing the mean radius means increasing the 
number of transformer stations, decreasing their individual 
capacity, and similarly decreasing the sizes of the low-tension 
mains. With sufficient data it is possible to arrive at a balance 
between the increased cost of the substations and high-tension 
feeders and the reduced cost and losses in the low-tension 
mains. In the hmit there would be a transformer on the prem- 
ises of every consumer; a return to the old "house-to-house” 
system of the early a.c. undertakings. If any consumer’s load 
equals the capacity of the most economical transformer as 
arrived at by the balancing of costs suggested, it would prob- 
ably be the least costly way of serving him. More generally 
the calculation would give the best size of substations and their 
spacing for an area of given load density. There is already 
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evident a tendency to proceed on the plan of laying low-tension 
mains of some one or two standard sizes and adding transformer 
stations at shorter intervals as the load grows, especially in 
residential areas. This too is not novel; it was done in a 
number of towns forty years ago, usually in substitution of the 
house-to-house system, which incurred heavy magnetizing 
losses, especially as the loads were mainly lighting with load 
factors of 10 per cent or less. 

This problem of the most economical capacity of substations 
and the consequent sizes of low-tension mains will be treated 
more fully in another chapter. 

From whatever bases used, the planning will show the 
selected position of the substations, and so the points which 
have to be reached by the high-tension mains. The position 
of the source of supply will usually be known ; it may be one 
or more generating stations or a substation on an e.h.t. trans- 
mission hne. The routes to pick up the positions plotted on a 
plan of the area may be more or less obvious. The h.t. mains 
may be planned as a number of radial feeders, as one or more 
rings or loops, or as a meshed network. It is highly desirable 
that every substation shall be fed, or be capable of being fed, 
by at least two routes. Generally, this can be done by looped 
radial feeders, or elongated rings, if there is only one source of 
supply. In some cases a ring around the area with radial loops 
to substations is an attractive proposition, especially around 
comparatively small towns. Evidently if the number of sub- 
stations is large and their spacing small, the h.t. mains tend to 
take a mesh form. 

The most economical h.t. voltage for feeding the substations 
has to be settled. As was observed in examining the economic 
efficiency of cables, the ‘'cost per ton of copper’’ runs up 
sharply with the working voltage ; that makes the economical 
current density higher than in lower priced cables. But high 
voltage cables cannot be run at such high current densities 
as those for lower voltages. To keep the working temperature 
within safe limits, the current density must be lower. One 
reason is that heating due to dielectric losses becomes important ; 
a loss which increases with temperature. There is an extensive 
literature on this subject, and progress is being made in the 
design of cables for ever-increasing voltages. There is ample 
information about the safe loading of cables up to 33 kV., 
which is as high as one is likely to go in a distributing system. 
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The upshot is that the safe current loading of cables for over, say, 
11 kV. is usually lower than would be given by an application 
of the Kelvin relation. 

In practice the choice is limited to one of the standardized 
voltages, viz. 6*6, 11, 22, and 33 kV. At present there is a 
wide gap in the ''cost per ton of copper"’ between 11 kV. 
and 33 kV., which may rule out the higher voltage for distri- 
bution purposes. A rough comparison can be made on the 
"cost of copper” basis. The same copper section worked at 
the same current density will deliver three times as much 
energy at 33 kV. as at 11 kV. If the respective prices were as 
three to one, the capital charges per mile would be equal. That 
comparison must be qualified by the fact that the 33 kV. 
cables cannot be worked safely at as high a density as the 
11 kV. cables. A more practical comparison is between two 
cables to deliver the same amounts of energy. For example, a 
0-25 in.^ three-core armoured cable laid direct in the ground for 

11 kV. has a safe current-carrying capacity of about 363 am- 
peres per phase ; say 6 900 kVA. A comparable standard size 
of three-core 33 kV. cable has conductors of 0*15 in.^ the safe 
current is about 216 amperes per phase, or a loading of about 
12360kVA.; say 1-8 times that of the 11 kV. cable. The relative 
prices per mile are at present in the neighbourhood of 2 to 1 ; 
so that on this basis two 0-25 in.^ 11 kV. cables of 13 800 kVA. 
capacity cost about as much as one 0*15 in.^ 33 kV. cable of 

12 360 kVA. capacity. That comparison does not answer the 
question, wliich will give the lower total annual costs ? The 
answer involves calculations of the load and form factors of 
the annual load ; and the cost of the losses. It can be said that 
for a cost of 0*25d. per kWh. for the losses, at an annual load 
factor of 100 per cent, the economical current in the 11 kV. 
cables is much below, and in the 33 kV. cable decidedly above, 
the safe currents. The 11 kV. cables will, at this load factor, 
give higher total annual costs per kVA. delivered ' than the 
single 33 kV. cable : the higher losses more than counter- 
balance the lower capital charges. At some lower load and 
form factors the order wiU be reversed. It may be observed 
that the current density is the safe maximum for the 33 kV. 
cable, but the 11 kV. cables have a reserve carrying capacity 
much above the economical density, and can be used safely 
on a more peaky load. 

There are other considerations than the transmission costs. 
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The 1 1 kV. cables will occupy more trench space than the 33 kV. 
cables of the same kilovolt-ampere capacity; they must be 
laid at some distance apart. At 12 in. centres the safe loading 
is 88 per cent of that of a single cable. If the cables are to be 
draw'll into ducts, or carried on racks in tunnels or subways, 
the space occupation becomes an important factor in the 
capital cost. 

Further, the cost of switchgear and transformers is higher at 
the higher voltage ; the smallest economical size of transformer 
for 33 kV. primary is considerably larger than that of the 
smallest economical size of transformer for 1 1 kV. primary. 
This difference is in course of reduction. 

It is probable that 11 kV. will be found to be as high as it is 
wise to go for a primary voltage for distributing substations if 
many of them will be of comparatively small capacity. 

The problem of the h.t. planning is to settle routes w^hich 
will pick up all the substations with a minimum of cable 
length and of street work, while giving a reasonable amount of 
alternative ways of feeding each one. It is worth while to spend 
some time and trouble in selecting the routes, and getting the 
maximum amount of information about existing underground 
works . Getting the whole lot of feeders away from the source may 
give some trouble, especially if that source is on the periphery 
of the area so that there is considerable bunching at the outset. 
It is advisable to spread them at the earliest opportunity. 

As regards the general lay-out, a radial plan seems best on 
the whole. It may readily become a number of loops or rings, 
either at first or subsequently. A plain ring with loops reaching 
substations inside it will suit towns covering perhaps up to four 
square miles ; of course, outlying areas can be served by out- 
ward going loops. Any densely loaded area is conveniently 
served by a ring around it. 

The general idea is to break up the area into plots or strips 
each fed by a ring or a pair of radial feeders taking different 
street routes on the two legs and looped at the remote ends. 
This plan of breaking up the area into separate plots makes for 
convenience and reliability, and facilitates the measmement 
of output and distribution losses for each, an important 
matter. Some of the plots may have loads which justify the 
laying of two parallel feeders. 

When a system is being planned de novo (as is assumed in this 
discussion), the original lay-out should be planned to allow 
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for future reinforcement of the li.t. system at the least cost, 
e.g. spare ducts laid along the routes, feeders at first dead- 
ended located with an eye to future completion into loops, etc. 

It can hardly be advisable to plan a h.t. system as a mesh 
network. The advantages of a meshed system may be largely 
attained by running loops from two different feeders or rings 
into certain substations, where they may be linked in case of 
need. The l.t. networks from substations on different feeders 
will meet at a number of points. It is advisable not to connect 
the l.t. lines at such points. If the substations are on the same 
feeder, there is not so much objection. So much for the plan- 
ning of a system de novo. The opportunities for doing that in 
towns of any size are now rare ; but the principles may find 
application in modernizing existing undertakings. 

The problems which arise in large towns are now usually 
(a) extensions to outlying areas of small dwellings ; and [h) 
conversions from d.c. to a.c. or from non-standard to standard 
distribution. Both may have to be dealt with at the same time. 
The preliminary estimating of the loads and their distribution 
will have better bases than in a new area. Much of the load 
is in existence and there will rarely be much difficulty in 
arriving at a fairly accurate foi^ecast of the rate of growth. 
The most debatable question may well be, how and to what 
extent the existing mains can be used for the standard system ? 

Where the continuous current mains are in the form of a 
three-wire meshed network fed at intervals by heavy feeders 
from converter substations (sometimes from generating sta- 
tions) and single conductor cables with the middle conductor 
of smaller section than the outers, they are not suitable for use 
in a four-\vire three-phase system. 

The points where the l.t. feeders connect into the network 
indicate suitable positions for transformer substations if tlie 
necessary site accommodation can be arranged there. The 
converting substations will be served by h.t. feeders and can 
be used as’ centres from which radiate the sub -feeders to the 
transformer stations. In most cases it will probably appear that 
more transformer stations than indicated by the old l.t. feeder 
points will be advantageous. 

If the h.t. supply to the converting stations is at anything 
over 11 kV., it will probably be best to step down the voltage 
at those stations to one more suitable for small transformers. 
The best locations and capacities for the transformers over the 
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whole area previously served can then be planned as if for a 
new area. These locations may or may not include the old 
feeding points. That is mostly a question of the cost of avail- 
able sites, but should also take into account the known dis- 
tribution of the load. If there are spare ducts or ways from 
the old converting stations available for the h.t. sub-feeders 
they should be used as far as possible. As each transformer 
station is connected and equipped, the substitution of four- 
conductor distributors for the three -conductor mains can be 
commenced. The substitution will be much facilitated if the 
old mains are in ducts, or spare ducts are available along their 
course. Evidently, if ducts occupied by the old mains are to 
be used, the old mains must be drawn out first after cutting 
all the service connections on each length. To minimize the 
extent and duration of the interruptions to supply is a problem 
calling for the greatest ingenuity. In some cases it has been 
solved by laying temporary mains on the surface of the footpath 
and bringing the services up to them while the new distributor 
is being laid and service boxes placed upon it. If the old 
distributors are laid directly in the ground, the new ones can 
be laid alongside with service boxes ready and the services 
changed over progressively. 

As the old mains have considerable value as scrap copper 
one object of the change-over plan should be to salve as much 
as possible of them. There may be some large consumers who 
can be economically served by transformers on their premises, 
or near them; they may be dealt with in that way, at a 
convenient stage of the proceedings, with advantage. 

A less radical plan is to retain the old d.c. distributors but 
to feed them at more frequent intervals from mercury rectifier 
substations. That is more practicable in relatively lightly 
loaded areas, such as those of the suburban residential type, 
than in densely loaded areas. 

In some cities having central areas with heavily loaded d.c. 
three-wire networks, the idea of converting them as a whole 
seems to have been indefinitely postponed; meantime a 
four-wire a.e. system is being laid alongside to serve all new 
consumers and to take over the old services as opportunity 
offers by change of tenancy or otherwise. That may be eco- 
nomical up to a point where the reduced load on the converting 
stations makes their commercial efficiency very small, when the 
problem of complete change-over will have been much eased. 
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Where the existing distribution is single-phase — usually 
three-wire — the simplest plan for immediate application is to 
divide the distributors leaving each substation among the three 
phases to balance the phase loads as nearly as possible. If 
three-phase transformers are used, there will be some internal 
balancing as regards the h.t. feeders. The transformers should 
have two secondary windings per phase with all the ends 
brought out; then they can be connected into a virtually 
six -phase system on the l.t. side. When four-wire distributors 
are eventually substituted, the same transformers can be used 
for the four-wire distribution. This is on the assumption that 
the three-wire system is 200 volts on each side of the neutral, 
and that the four- wire system will be on the standard 230 volts 
on each phase wire to neutral. Each pair of 200-volt secondaries 
connected in series will then give the 400 volts for one phase. 
It will not do to connect the single-phase neutrals to the neutral 
of a four-wire system for obvious reasons. 

It is possible to convert single-phase three-wire mains into 
four-wire mains by running alongside a single-core cable as a 
neutral. This means using the old neutral of the three-wire 
mains as a phase wire ; generally that conductor is of smaller 
section than the outers so that the phase voltage drop on that 
phase wall be greater than in the other two. Also the single- 
core neutral have greater losses than if it formed part of a 
four -ware cable. In lightly loaded areas this plan may be worth 
while, but it needs careful consideration of all the factors ; it 
may be regarded as a temporary stage to defer expenditure 
for a time. 

In every case, whether, a new system or the conversion of an 
old one is being planned, there are considerable advantages in 
deciding to use only a few^ standard sizes of distributing cables, 
and of transformers. The transformer sizes may usefully 
include the largest which can be placed in under-street chambers 
and Idosks. 

A good description of a planned system for a large city, was 
given in a paper by Mr. M. W. Humphrey-Davies, on the 

Electric Supply System in Berhn,” published in the Journal 
of the Institution of Electrical Engineers, Vol. 80 (1937), p. 305. 
It is an miusually full account of the planning for economy and 
reliability of supply to a large city, and of the reasons for the 
methods devised. 

At the time of the author’s examination, the Berlin system 
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was in process of conversion from a number of systems of 
different dates and kinds to a general plan. That plan is one 
of a primary system of 30 kV. mains and a distribution system 
at 380-220 volts. In the urban districts the 30 kV. mains will 
feed transforming substations on 380-220 volts distributing 
grids. Each grid will cover an area of from 1 to 2 square miles ; 
and be supplied through at least six 30 kV. feeders each of 
0*15 in.^ copper (or aluminium equal), rated at GOOOkVA., 
capable of feeding 15 transformers each of 400 kVA. Each 
feeder will serve one transformer only in any substation. The 
feeders are ‘"radial” but from several centres, generating 
stations. The transformers on a feeder are tripped on the l.t. 
side whenever the feeder is tripped out. The protective system 
which effects this, operates through pilot wires and looks 
rather elaborate. There is some resemblance to the “paralleling 
at the load” of some American systems. This “two-voltage 
system” is in course of development to supplement and ulti- 
mately displace the “three-voltage system” where there is an 
intermediate 6 kV. distribution stage between the 30 kV. and 
the l.t. mains. It has been adopted as more economical where 
the load density exceeds 2 800 kW. per square mile. 

In the suburban districts with lower load densities the 
three-voltage system will be retained and extended, the 30 kV. 
feeders serving 30/6 kV. substations, and the 6 kV. mains 
serving transformers to the distribution voltage. 

The 6 kV. system in the urban areas will ultimately be 
confined to the supply to large consumers, and to small areas 
around generating stations where that voltage is used for 
auxiliaries. 

The two -voltage system has proved very satisfactory during 
some years of experimental development, which includes the 
working out by trial of sundry switchgear and protective plans. 

It is intended at some future time to run 100 kV. ring mains 
around Berlin; there are already 100 kV. lines from distant 
stations feeding the system at two points. Further, it is 
intended when the peak load reaches 1 000 000 kW. to divide 
the area into two equally loaded sections, interconnected only 
through the 100 kV. ring main. 

There is much more in the paper which is well worth study. 
It shows that it is still worth while to plan for the more eco- 
nomical supply of large areas, rather than to make patchwork 
alterations to serve immediate needs. 



CHAPTER VIII 

RUEAL DISTRIBUTION SYSTEMS 

Rural areas are “tliin” from the supply undertakers’ point 
of view. In general the designer is between two risks ; first, 
that the revenue may be inadequate to the capital spent; 
secondly, that if the load grows beyond expectations, the initial 
work may be partly wasted. Whilst one must look ahead, it is 
safer at first to spend only the money essential to provide for 
the load to be expected within a limited period. Further 
expenditure will be easier to justify if the initial work has at 
least met the capital charges. It is rarely v/ise to lay out money 
which cannot earn a return in five years. Few investors care 
to bury capital for so long. Governments and other immortals 
can take longer views ; and may be influenced by other than 
strictly economic motives. 

The outstanding characteristics which affect the plamiing 
of a rural distributing system are, first, that the loads are 
scattered ; secondly, that it is difficult to forecast the magnitude 
of the loads, and the rate at which they will accrue in future. 

Preliminary canvassing may ehcit some firm promises, but 
usually nothing very definite until supplies are available. 

Where there is no gas supply, it may be expected that most 
people vdtl be ready to adopt electric lighting if the price is at 
aU reasonable, and the cost of wiring the smaller houses is met 
by some form of assistance. The fighting load can therefore be 
forecast with fair accuracy. Industries of the factory type 
already established have to be shown definite advantages in 
return for the cost of changing over from their own power 
plants to a mains supply. They may be reckoned on as eventual 
consumers, but at what future date is problematical. The same 
considerations apply to the farmers’ requirements, usually 
actually met by petrol and oil-engine sets, including tractors. 
A more promising field is heating for dairy water, chicken 
incubators, etc., which are not so conveniently served by 
alternative agents. 

The best one can do for forecasting loads of such kinds is to 
utilize the experience in rural areas where electric power is 
already in use; this will give some reasonable elements for 
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estimating wliat will be required within, say, five years, and 
for plotting on a map the probable load distribution. 

At present, overhead lines are the only economical means of 
supply. One writes “at present ’’ because some trials are in 
progress of underground cables laid cheaply by a plough 
resembling somewhat the “mole-digger” used for laying drain 
tiles. The cables are three-phase armoured for 11 kV. Such 
cables and methods of laying may be cheaper than overhead 
lines, more reliable and less expensive in maintenance. It may 
be added that the plough works weU on grass verges, unpaved 
margins and footpaths, as well as across fields, etc. Wayleaves 
may be more readily obtainable than for pole and mast lines 
across private property ; the avoidance of the delays inseparable 
from the obtaining of consents for overhead lines — even along 
roads — is worth something. In plans for any new area it will 
be advisable to examine this development. 

The sources of supply will usually be known, either generating 
stations or substations on a Grid or other e.h.t. line. 

The pioneer lay-out should be designed to pick up all the 
load anticipated for some years of development. Most of the 
loads will be along main roads. Whether the lines should follow 
main roads entirely or cross private property and take by-roads 
in part, depends upon the topography of the area. Picking 
up all the loads on a minimum total length of line is to be 
aimed at. The minimum length can be traced on a map on 
which the load positions are plotted. The actual routes adopted 
will depend a good deal upon the facility of obtaining consents 
and wayleaves. Whilst the main roads may provide the shortest 
routes, the cost of meeting the views of the road authorities, the 
presence of Post Office lines along the roads, and objections 
from various quarters, may very well make routes across 
agricultural property preferable. Judging from what one sees 
in already electrified rural areas in this country, crossing lands 
instead of following the roads has recommended itself to many 
undertakers. 

The approval of the Minister of Transport has to be obtained 
for all overhead lines ; it is not given as a general approval over 
a defined area, but to specific routes shown on a map and 
accompanied by a specification of the construction proposed. 
Local and road authorities have to be notified in advance; 
they can submit objections, and the Ministry may hold a public 
inquiry if the objections warrant that course. Wayleaves 
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across private property are also the subjects of public inquiries 
if the property owners object to granting them. Hence the 
selection of routes requires careful study, inquiry, and some 
diplomacy, for minimizing opposition and delays. 

As regards the type of network, two-way feeding of all sub- 
stations should be aimed at — ^ring or looped radial feeders for 
example. If the system is to be fed from two or more sources, the 
main lines may be laid out to interconnect such sources. 
Obviously the lay-out will be governed by the topography of the 
area. The pioneer lines should at least be traced to facilitate 
eventual development into ring or loop form, even if initial 
expenditure to that end is not justifiable. A meshed network 
of overhead h.t. lines is not to be recommended. 

The most suitable voltage is probably 1 1 kV. That pressure 
can be used to supply small transformers of the pole type. 
Insulation and switchgear are less expensive and switchgear 
more readily accommodated than if 33 kV. were chosen. On 
the other hand, the capacity of the lines at 1 1 kV. is much 
greater than at 6 kV. or smaller pressures ; and the cost of 
switchgear, insulation, etc., not much greater. Large villages 
and small towns offering a load of at least 500 kW. readily 
served from one substation, may justify a 33 kV. branch from 
a Grid fine or substation within reasonable distance. Such a 
place will then be a convenient position for the supply to some 
of the 11 kV. lines. 

The Electricity Commissioners’ Regulations set out certain 
minimum requirements for overhead lines. The smallest copper 
conductor permitted is Ifo. 8 S.W.G. having a cross-sectional 
area of 0*0201 in.^, a breaking strength of not less than 1 237 lb., 
and a weight of 409 lb. per mile. The supports must have a 
factor of safety of 3*5 when subjected to the stresses of con- 
ductors ice-loaded to a radial thickness of f in, and a wind 
pressure due to a 50 m.p.h. gale at a temperature of 22° F. 
The minimum height of conductors from the ground is to be not 
less than 19ft. across a road; wooden poles must be of creo- 
soted red fir. For low-tension lines in general, and (by special 
permission only) some high tension lines, the radial thickness 
of ice loading specified may be reduced to in. Practically all 
rural lines will fall under the high-tension rules. 

These requirements, taken in conjunction with the lengths 
of spans, have the effect of imposing some minimum cost for 
a line along a given route. Longer spans involve fewer but 
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taller and stronger poles, also fewer insulators, arms, etc. It 
is possible, having sufficient price data, to arrive at the most 
economical length of span for any given route. Practically, 
pole positions and span lengths are not usually matters of 
free choice ; the curves and angles of roads, positions of build- 
ings, and positions of hedges across country, determine them 
to a great extent. At the same time, it is worth while to work 
out the most economical span, and keep to it as far as possible. 

Other materals than copper are rarely used for lines of the 
kind under discussion. Steel conductors are lighter for the 
specified breaking strength — they allow of longer spans and 
lighter poles — but the much higher resistance of steel confines 
its use to short, lightly loaded lines, such as services to isolated 
consumers. 

Plotting the line routes and the positions and magnitudes 
of the loads to be exj^ected, in say*, five years’ time, will show 
how much of the system can be of the minimum structure 
type, i.e. with conductors of No. 8 S.W.G. copper, without 
exceeding such limits of current density as are imposed by 
either voltage drop or economic considerations. Heating will 
not be a limiting factor for such a line. The voltage drop to 
the most remote load, or annual economy on Kelvin principles, 
may be decisive; these points and other details affecting 
economical design will have to be considered specifically in 
each case. 

There will usually be possible consumers at considerable 
distances from the main lines. Branches serving them are 
essentially services. Strictly, consumers should defray the 
cost of services which serve themselves alone, either by lump 
sum or rental payments, a requirement not always agreeable 
to the consumer ; but it should be possible to get some con- 
tribution. One way sometimes adopted is to get the consumer 
to supply and erect the poles at his own cost. Services may be 
of a minimum size of No. 10 S.W.G. copper, by the regulations. 

Generally the l.t. distributors will be confined to short runs 
from each transformer to a few consumers, frequently only one. 
In villages small l.t. networks may be necessary. L.t. mains 
may be run on the same poles as the h.t. with certain pre- 
cautions, so far as these serve. Quite a good job of the l.t. 
distributors may often be made by running them on brackets 
on the house walls — ^under the eaves, for example ; methods 
more common in continental countries than here. 
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If there are outlying houses, farms, etc., to be served, the 
alternative of It. branches from the village, or h.t. branches 
with transformers at the loads, should be considered. Voltage 
regulation will be simplified by keeping the radius of l.t. 
distribution short and fairly uniform. 

The subject of the design of distributing systems for rural 
areas in this country was dealt with very ably by Messrs. 
E. W. Dickinson and H. W. Grimmitt in a paper published in 
the Journal of the Institution of Electrical Engineers* The paper 
and discussion which followed give views from different angles 
and some examples from practice. Reference should also be 
made to descriptions of the rural area systems served from 
Norwich (Messrs. V. A. Pask and R. W. Steel read a paper on 
the Noiuvich area with results of its working before the Annual 
Convention of the Incorporated Municipal Electrical Engin- 
eers Association at Brighton early in June, 1937, of much 
interest) ; and from Bedford, which have been published in 
the technical press. 

In this country one has to study economic design within the 
framework imposed by the current Regulations issued by the 
Electricity Commissioners and the Postmaster-General, which 
settle many elements of the cost of overhead line construction. 
A great deal of information of what can be done and is done 
under different, sometimes freer, conditions has been published 
in the electrical papers of the United States, continental 
countries, and of this country with reference to work in the 
British Dominions and Colonies. There are always some 
considerations of mechanical stability and safety which 
constitute a framework of minimum structure, etc., for the 
economic design, even if there are none imposed by outside 
authority. 


* Vol. 70 (1931), p. 189. 



CHAPTER IX 


THE BRITISH STANDARD SYSTEM : REGULATIONS 
AFFECTING DISTRIBUTION LAY-OUTS 

The British Standard System of distribution is a three-phase 
four-wire system at a frequency of 50 cycles per sec., 400 
volts between phases, and 230 volts between each phase and 
the neutral. The neutral conductor is earthed at some definite 
point of the network. 

Consumers’ services are either single-phase at 230 volts, or 
three-phase according to the magnitude and nature of their 
loads. Services to industrial works, etc., with motors of more 
than a few horse-power are usually three-phase. Large con- 
sumers for lighting, heating, lifts, etc., should have three-phase 
(i.e. four-wire) services if their loads can be conveniently split 
up for balancing among the phases. There are some special 
Regulations applying to services which have more than 250 
volts between any two conductors, e.g. three-phase at 400 
volts ; these refer in the main to the wiring and apparatus on 
consumers’ premises. 

The voltage range permitted by the Commissioners’ Regula- 
tions is now 6 per cent on either side of the declared voltage. 
At 230 volts the total range 6 per cent above to 6 per cent below 
is therefore from 244 volts to 216 volts, neglecting fractions. If 
the whole variation were to occur in the distribution mains, 
there would be a permitted difference of 27 volts between the 
nearest and the farthest services at peak load times. The 
phase-neutral voltages at the transformer terminals would 
have to be, say, 245 volts at such times. 

This may be partially effected by an increase of pressure at 
the generating or grid substation, but it is not practicable to 
regulate there in such a way that every distribution transformer 
receives a primary voltage corresponding to its individual 
load. Voltage regulation by tappings or induction regulators 
at the distribution substations is practicable; there are now 
available automatic regulators for unattended substations. All 
such apparatus adds to the first cost and to the cost of the 
losses as well as to their magnitude. From the strictly eco- 
nomic point of view it will generally be advisable to calculate 
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for a smaller range than the 12 per cent now permitted. When 
quahty of service is considered, the reasons for a smaller range 
are accentuated. The effects of voltage variations on consumers’ 
appliances have been investigated by Messrs. E. B. Wedmore 
and W. S. EKght with results set out in Report Z/T 41 of the 
British Electrical Research Association. Some of the results 
are — 

Lamps. Five per cent drop results in a reduction of about 
20 per cent in the light and an increase of about 60 per cent 
in the hfe; 5 per cent over-voltage results in an increase of 
about 20 per cent in the light and a reduction of about 50 per 
cent in the life. Hence 5 per cent each way from the normal 
voltage may well give rise to complaints of poor lighting on 
the one hand, and of excessive cost of lamp renewals on the 
other. 

Cooking Appliances. The effects are also serious, 5 per cent 
low means a large increase of boiling time of kettles, heating 
up of ovens, and some waste of energy. Radiant heaters which 
normally work at a bright red heat have their lives approxi- 
mately halved by an over-voltage of 6 per cent. Complaints 
of such effects are not uncommon. Cooks are particularly 
intolerant of anything which upsets their accustomed timing 
of operations. 

The Report mentioned has some records of voltage variations 
observed on a number of systems, analyses of the causes and 
suggestions for better practice. 

On aU counts it will be better to plan for not more than 4 
per cent up and down from the declared or normal voltage at 
consumers’ premises. 

Assuming that some standard sizes of cables have been 
decided upon, the voltage to the end of a distributor can be 
readily calculated for, any known or assumed distribution of 
the load along it. The drop is the sum of the product of the 
current in each length and the resistance of the conductor of 
that length. Hence one can express the loading wliich will 
give a certain drop as the smn of a number of products of 
amperes by yards, a constant for that size of conductor. For 
example, a four-wire distributor of 0-25 in.^ conductors has a 
resistance per conductor of about 0*103 ohm per 1 000 yd. If 
the permissible drop is 8 per cent of 230 volts, i.e. 4 per cent 
up and down, or 18*4 volts the limiting product of current by 
yards is 178 000. If the loads and their positions are known, 
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the sum of the products for the several lengths between loads 
and the currents carried over each length must not exceed that 
total. This assumes that the load is j)erfectly balanced between 
the three phases, so that there is no current in the neutral 
conductor; a condition not to be relied upon. If there is a 
known or calculable unbalance, the resultant ampere-yards 
product in the neutral must be added to the products sum in the 
most heavily loaded phase conductor. Another point to be 
noticed is the current in the length between the nearest load 
and the substation. That must not exceed the safe currents on 
heating considerations. For a 0*25 in.^ armoured cable laid in 
the ground, the limiting current is of the order of 325 amperes 
per phase for a working temperature of 65"^ C. Hence such a 
cable would be thermally overloaded with a current of 356 
amperes carried 500 yd., although the amperes X yards product 
would still be the permitted 178 000. In fact the higher 
temperatures at the maximum safe loading increases the re- 
sistance of the conductors by about 20 per cent making the 
limiting amperes X yards about 150 000 instead of 178 000. 
Although the condition of maximum safe loading over the 
whole length of a distributor is not likely to occur, it will be 
advisable to figure on that basis. 

It is rarely possible to foretell the conditions as regards 
phase balancing. The worst condition that can arise is all loads 
on one phase which just doubles the drop and halves the 
amperes x yards constant. 

In the case of a distributor fed from both ends, the length to 
take is approximately to the mid-point between the two sub- 
stations. The point of lowest voltage on such a distributor can 
be found by calculating for feeding it first from one end and 
then from the other. The point where the drops equalize under 
the two conditions will be the point sought, and the drop 
there will be that resulting when the same loads are fed from 
both ends. 

The Kelvin relation for a distributor supplying a number of 
loads can only be strictly complied with by stepping the 
conductor section in accordance with the load steps. That is 
not usually practicable for distributors ; it may be so for long 
dead-ended lines such as h.t. feeders supplying a number of 
substations where the loads may be taken as the capacities of 
the substations. In any case the annual costs resulting from 
a practicable lay-out in respect to limited voltage drop and other 
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factors can be compared with, those resulting from compliance 
with the Kelvin relation, supposing that to be possible. Such 
comparisons are rather out of the scope of a chapter dealing 
with regulations ; it must suffice here to point out the connex- 
ion between regulation and distribution economics, and that 
economic cuiTent density may have to take a second or third 
place after voltage drop and heating limits. 

As regards the heating limits, it should be noticed that if a 
number of cables are bunched, as may be unavoidable at the 
exits from a substation, the safe current capacity is diminished. 
The British Electrical Research Association has iDublished 
tables which give the limit currents under various proximity 
conditions. 

When a distributing system is planned with certain sizes of 
cables, the number of such cables leaving each station gives 
the transformer capacity which can be usefully installed there, 
viz. that corresponding to the total heating current limit of 
all the cables. The permissible voltage drop puts a limit to the 
product of current and distance for each cable. If all the 
cables were equally loaded uniformly along their length, the 
substation would have a definite radius of supply shorter or 
longer as the density of load over the area were greater or 
smaller. Hence it may be said that the size of cables chosen, 
the peak load density over the area, and the permitted pressure 
drop, govern the spacing and capacities of the substations. 

The Commissioners’ Regulations relating to tlie laying of 
mains, the equipment of substations, safety precautions, etc., 
are not factors in the economic design of underground systems ; 
they rather prescribe conditions with which the design must 
comply. 

Authorized undertakers have a general right to lay mains, 
etc., in the public streets and roads of their areas of supply. 
Plans of such works have to be submitted to the road authori- 
ties in advance, and those authorities may require alterations 
in the plans. If the alterations will add to the cost, or are 
objectionable on technical grounds, the question may be referred 
to the Commissioners. The road authorities may absolutely 
veto structures on the streets above their surface, e.g. switch 
pillars, transformer kiosks, and the like; consents for such 
structures are rarely given to Company undertakers, though 
Municipal electrical departments seem to use them pretty 
freely. Undertakers have general powers to lay mains in 
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streets, etc., in private ownership, subject to agreements with 
the owners in certain respects. Frequently special provisions 
are put into Orders with respect to certain named roads, 
bridges, and so on, not repairable by road authorities. The 
differences which arise between undertakers and road authori- 
ties are most often on the position of works in the streets 
which affect the cost of making good. The undertakers' 
engineer will select, as far as is compatible with the object of 
the works, positions which involve the least expenditure, e.g. 
by arranging that the paving to be broken through is of the 
less expensive kind, rather than the more expensive ; the road 
authority’s engineer may, on the other hand, have reason to 
prefer the more expensive route or line. 

It is possible to obtain compulsory wayleaves for under- 
ground mains across private property of certain kinds, after 
a somewhat protracted procedure of inquiry, etc. There is 
rarely much occasion to require such passage in urban areas. 
Of course, consent may be obtained by agreement : it is also 
possible to acquire property for the construction of substations 
compulsorily by ''Special Order” also a somewhat protracted 
procedure, not to be entered upon lightly. 



CHAPTER X 

DETAIL DESI&N BASED UPON LOAD FORECASTS 

Peeviotjs chapters have dealt broadly with the lay-out of an 
area as a whole, and the general lines of planning for economical 
operation having reasonable regard to the future. 

In tills chapter an attempt is made to show how the same 
principles can be applied to portions of an area, say a street 
of a particular class of premises. This kind of problem arises 
repeatedly in estabhshed undertakings when extensions have 
to be made. Then the question is, what load can be reckoned 
on, what can be properly spent, and what return can be 
anticipated ? 

If one could know in advance the amount, distribution, and 
characteristics of the load, the problem would be simplified. 
Such information is not generally to be had. The best one can 
do is to utilize such data as are available from experience in 
similar areas. Complete data from existing undertakings are 
scanty. It has not been the usual practice to measure and 
record load characteristics in the detailed way which is desirable. 
The most complete survey of the kind known to the author is 
embodied in the paper read by Messrs. Woodward and Came 
before the Institution of Electrical Engineers in 1932.* 

In the discussion on the paper several speakers added data 
for particular areas, among which a contribution by Mr. 
J. N. Waite (of Hull) should be specially noticed. In these 
cases the costs of the supplies are worked out from generation 
to delivery and allocated, taking into account the internal 
diversity factors and the system diversity factors for each 
class of consumer and load. It is much to be desired that 
data of these kinds should be more generally . collected and 
published. 

Figures of per capita consumption over large areas, whilst of 
value for certain purposes, do not give much information for 
forecasting consumption in detail. Some day it may be possible 
to follow the water engineers who can foretell with considerable 
accuracy how many gallons per head per day will be needed 
for districts of defined types, but that day is not yet. 

* J.I.E.E., Vol. 71 (1932), p. 852; and Vol. 72 (1933), p. 358. 
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Tiie best one can do is to use the data available for plotting 
out the number of positions of all the premises which will 
become potential consumers, and allot to each a load of such 
magnitude and characteristics as may be warranted by experi- 
ence. That will result in a plan or map of possible loads. The 
individual maximum demands, and the diversity factor 
between tlie individual consumers, arc essential data for the 
accurate solution of the problem. 

A slightly different prol)lem than that of an extension arises 
when the growth of load in an area requires an increase of 
distribution capacity. Tlien it is a question of the most eco- 
nomical way among possible alternatives. The resulting lay-out 
is likely to be very different from that which would have been 
designed for the increased capacity at the outset, and probably 
less economical. That is a cogent reason for basing pioneer 
designs on the loads to be reasonably expected in some not 
too remote future, preferably by providing facilities for rein- 
forcement which involve no great cost until they have to be 
utilized. 

Records of consumption in similar districts are more or less 
useful as they are more or less conij^lete. The minimixm of 
information readily available is the total annual consumption 
of consumers of a particular class, or of the consumers in a 
particular area. That consumption divided by the number of 
consumers gives tlie average consumer of the class or in the 
area taken. As the individual consumptions, i.e. the meter 
readings of all the consumers, are presumably available, they 
allow of an analysis which is decidedly useful. 

A ''cumulative frequency curve” may be plotted between 
"number of consumers” and "annual consumption.” Such a 
curve is shown in Fig. 4. The axis of ordinates is scaled in 
number of consumers, the axis of abscissae in the number of 
kilowatt-hours taken annually by individual consumers, so that 
each point on the curve represents the number of consumers who 
take not less than the number of kilowatt-hours represented by 
the abscissa of the point. The area of any horizontal strip repre- 
sents the number of kilowatt-hours taken by the number of 
consumers represented by the vertical height of the strip. The 
total area of the curve represents the total number of kilowatt- 
hours taken by all the consumers. 

For simplicity of illustration it has been assumed that a 
total of 100 consumers can be divided into 14 groups, each group 
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of 5 or 10 consumers taking an equal number of kilowatt-hours 
as shown by Table III below — 

TABLE III 


Ko. of 
Consumers 
in Group 

Consumption 
of Each 
individual 
Consumer 

Consumption 
of Group 

Cumulative 

Consumption 

Percentage 
of Total 

5 

3 000 

15 000 

15 000 

14-74 

5 

2 500 

12 500 

27 500 

27*03 

5 

2 000 

10 000 

37 500 

36*85 

5 

1 500 

7 500 

45 000 

44*22 

5 

1 200 

6 000 

51 000 

50*12 

5 

1 000 

5 000 

56 000 

55*03 

5 

900 

4 500 

60 500 

59*46 

5 

850 

4 250 

64 750 

63*63 

10 

800 

8 000 

72 750 

71 50 

10 

750 

7 500 

80 250 

78*87 

10 

700 

7 000 

87 250 

85*76 

10 

650 

6 500 

93 750 

92*12 

10 

500 

5 000 

98 750 

96*29 

10 

300 

3 000 

101 750 

100*00 


This curve is a stepped one. In practice there would be more 
steps, probably there would be few instances of two or more 
taldng the same quantity per annum. The curve would not 
end so abruptly at 300 and 3 000 kWh. if it covered a few 
thousand consumers. It would become fairly smooth., as indi- 
cated by the dotted hne joining the points of tlie steps. Since 
the area of the curve represents the total consumption, a hori- 
zontal line dividing it into two equal areas cuts the curve at 
the abscissa representing the average annual consumption per 
consumer, which is 1017-5 kWh. in the example. The corre- 
sponding ordinate, approximately 25, represents the number 
of consumers who collectively take half the total, individually 
not less than the average; the remaining 75 take the other 
half with less than the average. 

The curve can yield more information than that. The 
intersection by a horizontal line at half the height gives what 
is known as the median. The abscissa of the intersection is the 
consumption of the middle consumer, and there are equal 
numbers of consumers who take less and more than that 
particular one. Another average of more interest is what is 
known as the mode. That is the annual consumption used by 
the maximum number of consumers, and is indicated by the 
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Area, of Curve = Total Consumption, 101,750 kWh. 


]?ia. 4. Cumulative Fbequbnoy Curve Derived rrom Table III 
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position of tlie maximum slope of the curve. It may be regarded 
as the consumption of the consumer who is neither very eco- 
nomical nor very extravagant. It represents what the average 
consumer of the class is willing to pay for electrical energy. 
Such a curve is most useful for forecasting if made for a definite 
class of consumer supphed at a definite tariff. In the curve of 
Fig. 4 the maximum slope is constant between 900 and 650 
kWh., covering 45 consumers. The mid-point is 775 kWh., so 
that in this case it may be reckoned that some forty consumers 
will take that average. That is useful for forecasting as an 
amount which may be expected for each consumer, supposing 
that those of the data obtained and those to be supplied are 
fairly comparable. 

A curve derived from the cumulative frequency, known as 
the Lorenz curve is a plot of the percentage of the total con- 
sumption against percentage of total consumers. Such a curve 
is shown in Fig. 5. It classifies consumers by their percentages 
of the whole consumption; thus the 10 per cent of largest 
consumers take 27 per cent of the total, and the 10 per cent 
of smallest consumers only 3*7 per cent. 

These curves have further uses for the calculation of the 
probable results of tariff changes, two-part tariffs, etc. Com- 
parative curves over the same group of consumers or tlie same 
areas in successive years show the results of tariff changes, 
selling campaigns, etc. 

The author desires to acknowledge that so far as he knows, 
the application of these statistical methods to consumption 
analysis is due to Mr. C. R. Cooper and Mr. G. W. Stubbings. 

If, in addition to meter readings, the maximum loads and 
diversity factors associated with each class of consumers are 
available, forecasts of the requirements for similar districts or 
classes can be made with much more security of approximation 
to the elements needed for the most economical design. 

Messrs. Woodward and Game’s paper above referred to gives 
some very valuable information of the kind. 

Five years is about the minimum period one should consider 
for estimating probable loading. Telephone engineers have 
developed the application of the theory of probabilities to 
their own needs in great elaboration, and there is an extensive 
literature on the subject. They aim at providing cabling for 
fifteen years’ progress : they have good reasons for taking so 
long a view because they have to provide a separate pair for 
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every subscriber along the length of a cable, hence an under- 
estimate would entail the laying of an additional cable with 
all the repeated expense of the street works before that first 
laid had earned replacement cost. It is if the distribution 
of electrical energy required separate services for each consumer 
right back to the distributing centre. The methods of forecast- 
ing future demands developed by the telephone engineers are 
worthy of consideration. 

To-day one may reckon that all the houses above a certain 
rental in a street in which mains are laid will require services 
for lighting, at least, within five years of the supply being 
available. It is less certain how many of tliem will have 
cooking, water-heating, and electric fires. Much depends upon 
the tariff and the facilities offered for the purcliase and hire of 
appliances. Data from similar districts will give some hints. 
The use of attractive tariffs and salesmansliip metliods may be 
expected to give, in the course of five years, some average load 
for premises of each Idnd as a basis for distributing estimates. 

Assuming that forecasts have been made from the best data 
available, a single example of their application may be con- 
sidered. It is a deliberately simple example. 

The unit taken is half a mile of road in a residential suburb, 
lined by houses rented at about £60 per annum. Each, liouse 
will occupy a road frontage of some 30-35 ft. Allowing for 
street crossings, etc., there will be some 80 liouses on each 
side, or 160 houses altogether. Each house may l)e expected 
to have a connected load of 800 watts lighting ; 3 000 watts 
of cookers and the hke, and 1 000 watts of wator-hcating load. 
The peak demands of each house will probably be — 

Lighting 400 watts 

Cooker . . . . .3 000 ,, 

Water heating .... 1 000 ,, 

These peak demands will not be simultaneous ; their time 
incidence will vary considerably. Observation shows that the 
diversity factor of cooking loads is of the order of 8, so that 
the group maximum may be taken as 3 X 160/8 or 60 kW. 
The diversity of storage water heaters is probably about 5, 
making the group peak about 32 kW. The lighting peak may 
be taken as coincident in all the houses, making the peak 
value 0*4 X 160 or 64 kW. Although the peaks of these thi’ee 
kinds of load are not found to coincide in time, the diversity 
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factors taken for the cooking and water heating may be 
considered to allow for that ; so that the peak load of the 160 
houses may be reckoned as 156 kW., which is 156/768 = 20*3 
per cent of the connected load. This is about the ratio of 
peak-connected load found to occur in British undertakings, 
so that whilst the constituents may be open to question the 
result coincides with general experience. In round figures the 
maximum demand for the half-mile of street may be taken as 
150 kW. With a three-phase four-wire distributor, the loads 
balanced between the phases, and the distributor fed at one 
end, the current per phase will be 217 amperes. If a distributor 
is laid along only one side of the road, it is certain that by the 
time all the houses are connected there will have been more 
excavation and making good in road crossings, and spreading 
out from crossings on the other side, than if a distributor is 
laid on each side ; as well as very considerable lengths of branch 
cables. Hence a four-conductor cable should be laid on each 
side, each reckoned for 109 amperes per phase at the feeding 
point. It would be advisable to connect across the far ends 
of the two cables by links or fuses. 

Two standard cable sizes of the suitable class have conductors 
of 0-1 in. 2 and 0*06 in.^ respectively. As regards heating, the 
0*06 in.^ cable has a maximum safe capacity of 169 amperes 
so that it could carry the feeding end load of 109 amperes 
comfortably. The 0*10 in.^ has a maximum safe capacity of 
229 amperes per phase, so that it would be lightly loaded with 
109 amperes. As regards voltage drop, the resistance of the 
0*06 in.^ conductors is 0*36 ohm for the half-mile. Assuming 
symmetrical distribution of the loads along the length of the 
cable, the voltage drop will be the same as for half the total 
current over the whole length; say 55 amperes X 0*36 ohms = 
19*8 volts, which is 8*61 per cent of 230 volts. Hence if the 
substation voltage is regulated to 4 per cent above normal 
at full load, the volts at the far end will be a httle more than 
4 per cent below normal, and those at the feeding end 4 per 
cent above. Thus the 0-06 in.^ cable would meet requirements 
under the new 6 per cent permissible range. But the conditions 
assumed are the most favourable possible, viz. that at every 
tapping the phase loads are balanced so that there is nowhere 
any current in the neutral conductor, and that the loads are aU 
of unity power factor — conditions not likely to prevail. Hence 
it may be said that at the half-mile distribution radius the 
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load of 109 amperes per phase at the feeding end is just about 
the practicable hmit for a 0*06 in.^ cable. If the loads were 
heavier towards the far end, the voltage drop would be too 
great. For the case considered it might be put down without 
qualms if feeding from the other end would be easily practicable 
in case of the load growing beyond that expected, but consider- 
ing all the probabihties it might be wiser to lay a 0*10 in. ^ 
cable or to arrange to feed from both ends at once. The esti- 
mated load — 150 kW. — is just twice that permitted by the 
regulations for an under-street substation ; so that single-end 
feeding means a substation of a more expensive kind. It may 
be cheaper to put down a 75 kW. under-street substation at 
each end than a 150 kW. above ground substation at one end. 
Evidently the additional cost of the h.t. feeder to the second 
substation has to be reckoned with. Supposing, however, that 
the economic choice lies between 0*06 in.^ cable fed at both 
ends and 0*10 in.^ cable fed at one end only, the difference 
between the cost of one mile of those cables is of the order of 
£200 at to-day's rates ; the difference between the cost of fwo 
substations of 75 kW. each and one of 150 kW. should be less 
than that. The h.t. feeder cost may or may not therefore 
decide the question. If the two-end feed is too expensive, the 
0*10 in.2 cable will be the wiser choice. That would certainly 
be the case if cross-streets out of the main road were likely to 
be built up and to require supplies within four or five years. 

It remains to be considered what will be the probable annual 
costs of the losses and charges upon the cable. Taking the cost 
of a mile of 0*10 in.^ cable at £600, and the annual charges at 
10 per cent or £60 per annum, and the cost of the energy put 
into it as 0*6d. per kWh., the Kelvin relation puts the cost of 
the losses for 100 per cent load factor load at £20 per annum 
per phase conductor. At 0*6d. per kWh., that is 8 000 kWh. 
per annum, or 8 000/8 760 = 910 watts; taking the resistance 
of the mile as 0*45 ohms the current is very closely 45 amperes. 

('\/(910/0*45) = ^/(2 020) = 45 very nearly) 

That is for 100 per cent load factor and for the current flowing 
the whole length. A residential suburban load is likely to have 
a load factor of 25 per cent. The highest (r.m.s.) form factor 
for 25 per cent load factor is 2, i.e. the current density would be 
doubled and the loss rate quadrupled for one-quarter of the 
tinae. That would make the current 90 amperes and the loss 
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rate 3 645 watts per mile with a voltage di*op of about 40-5 
volts per mile, or just over 20 volts for the half-mile. Those 
values are, however, for the whole current flowing the whole 
length, whereas in the distributor the load tapers off from 109 
amperes to nothing. The peak current at the feeding end — 
109 amperes — ^would be above the economic density, but the 
average along the whole length would be below the economic 
density ; with a voltage di^op at the end of only about 12 volts, 
quite moderate. The loss rate would be approximately the 
same as that for a whole length current of 78 amperes or 2 737 
watts per phase, totalling to 5 996 kWh. worth £14*99 per 
annum against the Kelvin rate of £20 per annum. In practice 
the form factor would be less than 2 and the annual losses also 
less than those calculated above. Certain assumptions made, 
e.g. that the current tapers off uniformly (whereas it goes by 
steps), and that the load is perfectly balanced between phases 
at all times, can be put against the too high form factor, and 
the calculated figures taken as not far from the truth. 

The consumption due to a peak load of 150 kW. and 
a load factor of 25 per cent is 328 500 kWh. per annum ; the 
calculated annual losses are 5 996 x 3 = 17 988 kWh. costing 
£45, so that the physical efficiency of the cable would be 
328 500/346 488 = 94*8 per cent, and the cost £105/328 500 = 
0*0765d. per kWh. delivered to the consumers. 

As the capital charges item is greater than the losses item 
it follows that a smaller cable would give a lower total annual 
cost, if its cost were proportionate to its copper section. 

The 0*06 in.^ cable costs approximately £400 per mile ; its 
losses on the same loading would be in the ratio of the respective 
resistances, viz. 0-71/0-45 = 1*57, and their cost £45 X 1-57 = 
£70*65, making the total of charges and costs £110*65 per 
annum, a little more than with the 0*10 in.^ cable. The differ- 
ence is not great ; but considering also the greater capacity 
and the better regulation, the larger cable is well worth its cost 
from all aspects. If the cost of the energy delivered to the cable 
were lower, the smaller cable might be the more economical 
for the case considered. 

There would be some saving in the capital charges by 
putting down the larger cable for half the length and the smaller 
cable for the other half ; but unless the road were certain to 
remain a dead end as regards electrical requirements for a long 
time, that would hardly be wise. 
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So far only the cable costs have been discussed. The costs 
of la 3 dng are often greater than that of the cable. They are 
not within the complete control of the designer. The major 
cost is usually that of making good the paving surface, which 
varies within very wide limits. But the trenching cost can also 
vary widely, between digging in soft soil and cutting out 
concrete. There is usually no choice as regards distributing 
cables ; they have to go along the footpaths. There will rarely 
be good reason for laying distributors in ducts of any kind. 
Exceptions are at street crossings, near substations whence 
many cables have to be got away, or where it is clearly advan- 
tageous to be able to put in more or larger cables without 
breaking up expensive paving or interfering with heavy traffic. 
For the crossing of streets with heavy traffic, screwed wrought 
iron tubing is a cheap and strong form of ducting ; it permits 
of curving around obstacles easily. 

For the assumed half-mile of suburban road there will be a 
mile of trenching, back-filling, and making good of surface. 
If the footpaths are tar-macadam, or stone flagged, the cost 
of this work may be about 4s. per yard run ; it may be more 
or less in any given case, but not much less anywhere. One 
mile at 4s. per yard run costs £352; jointing, service boxes, 
supervision, etc., will cost about £250 ; then the total cost of 
the mile of distributor laid jointed, with service boxes, etc., 
will be — 


Cable . . £600 

Trenching, etc. 352 

Jointing, etc. . 250 


Total £1 202 


The cable costs barely half the total. The annual charges on 
it have been taken at the rate of 10 per cent : since replacement 
at the end of its useful life will involve excavation, making 
good, etc., as for the original laying, the same rate is appro- 
priate for those costs. There will also be some expense for 
maintenance. Then the total costs and charges pertaining to 
the half-mile distribution will be — 


Cable, losses and charges . 


£105 

Laying, etc., charges 

. 

60 

Maintenance, estimated 


10 


Total 

£175 
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Divided by the total kilowatt-hour delivered per annum this 
comes to 0-1 27d, per kWh. 

It is of interest to compare these figures with some given in 
Messrs. Woodward and Game’s paper above referred to for 
the capital cost of l.t. distribution to domestic consumers; 
Class C in their schedules. 



Estimate 

Woodward and Came 

Cost of mains, laid, per kW. demand . 

£8-017 

£9-950 

Cost of mains, laid, per consumer 

7-50 

6-950 


to which may be added 


Annual cost per kW. demand 

£1-093 


Annual cost per consumer . 

1-086 

— 


Messrs. Woodward and Came do not give comparable figures 
for the second pair of costs. It seems that the estimates in this 
chapter are of the right order of magnitude ; they are only put 
forward as examples of a method which might have been 
represented in a more generalized form by algebraical formulae. 

Assuming that the base cost rate of 0-6d. per kWh. covers all 
generating and transmission costs with a margin of profit 
up to the delivery point of the substation, the financial results 
of different average prices for the sales are readily calculated, 
e.g.— 


Sales 

(kWh.) 

Average 

Price 

(d.) 

Gross 

Receipts 

(£) 

Less l.t. 
Costs 
(£) 

Net, less 0-6d. 
per kWh. plus 
l.t. Costs 
(£) 

328,500 

I 

0-75 

1026 

851 

30 


0-80 

1095 

920 

99 

>> 

1-00 

1369 

1194 

373 


The last column gives the annual amounts accruing to the 
profit revenue of the undertaking as net return for the expen- 
diture of £1 202 on the mains extension; the capital charges 
in the £175 of distribution costs being regarded as necessary 
to cover interest, depreciation, etc. At an average price of 
0-75d., the return of £30 per annum, may be regarded as less 
than a reasonable margin of profit. The £373 resulting from an 
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average price of Id. per kWh. looks excessive. There will be 
some capital and working expenses not included in these 
estimates : services, meters, meter reading and book-keeping, 
which should be met from meter rents or fixed cliarge elements 
in the tariff. 

Estimates of this Idnd of the net revenue from a certain 
length of main are subject to certain considerations. In the 
first place the full amount will not accrue immediately. If 
the location is wfitliin the ''compulsory area’' of the undertak- 
ing, there is no alternative to giving a supply ; even if outside 
that area there may be conditional obligations which become 
operative. The tariff to be applied has a great influence upon 
the consumption. Ko consumption rate of over 0*75d. is likely 
to attract cooking, much less water-heating, loads of appreciable 
amount. Experience shows that a two-part tariff with a 
consumption rate of 0*75d. or 0*5d. attracts a good deal; the 
fixed charge then becomes a base line revenue which should 
logically cover the standing charges of the undertaking properly 
allocatable to each consumer. In the case taken, the part due 
to the distributor has been shown to be the return on £7-5, but 
that is only a fraction of the total cost of the plant between 
the generating station or grid delivery point and the substation 
delivery, which has been assumed to be included in the cost of 
0*6d. per kWh. 

The point to be emphasized is the relation between the 
consumption of a particular class of consumer and the tariff. 
For the class considered, a flat rate of, say, 3d. per kWh. will 
only obtain a lighting load ; the load factor of such a load will 
be more like 10 per cent than 25 per cent, which alters most of 
the values used for the calculation. Estimates of consumption 
must be based upon the tariff contemplated to be of any 
value. Here the discussion borders on ground more fully 
dealt with in a subsequent chapter. 

It may be noticed that if the load factor proves to be higher 
than that reckoned on, the costs will be favourably affected. 
For instance, if the load factor of the half-mile proved to be 
30 per cent without increase of maximum demand, the losses 
in the cable could not be increased by more than 20 per cent, 
i.e. they would remain at the same value per kilowatt-hour, 
while the capital charges per kilowatt-hour would be reduced 
by 15 per cent approximately. 

The case taken was deliberately simple, and worked out from 
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first principles. In an existing undertaking it may be supposed 
that such general data as economic current density — or rather 
the economic current and the amperes- x -3mrds product for 
the permissible voltage drop for each size of cable, with the 
consequent economical radius of supply from substations — 
would be known. It would be useful to work out a few examples 
of typical streets and their loadings for reference. 

It will be observed that the 0*1 in.^ cable would supply 
economically a more densely loaded street if it were fed at more 
frequent intervals. For loading of the order discussed, voltage 
drop is a more effective determinant of cable size than either 
the heating limit or the cost of losses. Voltage drop and the 
cost of losses operate in opposed directions. Low load factor, 
i.e, poor time utilization of the cable, calls for keeping down 
the size, entailing a voltage drop at full load which may be 
excessive. Heating is not a serious limitation in isolated mains 
of the capacity discussed. It is otherwise where many mains 
are in close proximity, in larger cables, and in extra-high-tension 
mains. 

Calculations of the nature outlined based upon the best 
estimates available of the load density per unit length of street 
in different districts will probably show that the requirements 
of most of them can be met by adopting a fe w of the standard 
sizes of four-core cable, say, between 0*1 in.^ and 0*25 in.^ 

On the same lines as set out for the 0*1 in.^ cable, one of 
0*25 in.2 can carry 98*6 amperes per conductor as its most 
economical current for 100 per cent load factor when the drop 
will be about 17*75 volts per mile. For the most severe, 25 
per cent, load factor load, the economic current will be 197 
amperes per conductor, when the voltage drop will be 35*5 
volts per mile. 

It will be noticed by those familiar with current practice 
that the economic current densities calculated above are much 
lower than those commonly found in use. It seems that mains 
engineers have been inclined to economize overmuch in copper, 
with the result that mains losses are higher than they should 
be. This tendency dates from the time when lighting load 
predominated, giving a load factor of the order of 10 per cent. 
The extreme r.m.s. value of a 10 per cent load factor is 3*16, 
which would make the economic loading of a 0*25 in.^ conductor 
about 311 amperes, very close to the thermal limit for a four- 
conductor cable, and giving a voltage drop of 54 volts per mile, 

7— (T.42) 
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really more because of the temperature rise. At such a poor 
form factor the costs of the losses will be higher tiian has been 
taken, because of the effect upon the generating or bulk supply 
costs of the relatively high peak. One may also notice that 
copper has of late years been much cheaper than formerly, but 
subject to rather violent fluctuations during 1937 for example. 

The most ''peaky’’ loads likely to occur to-day are in blocks 
of commercial ofiices where the lighting load lasts for perhaps 
three hours in the winter and vanishes almost entirely for three 
or four summer months. Shopping districts where brilliant 
window lighting prevails from dusk until about 7 to 8 p.m. 
also have a poor annual load factor with high peaks about 
mid-winter. These unfavourable load features are in process 
of some improvement by the adoption of electric heating in 
offices and window and display lighting after closing time in 
shops. Office heating is likely to increase the peak load, but 
tends to improve the overall load factor. Lifts, air-conditioning, 
cooking in canteens and restaurants, fans, etc., also help. It 
is therefore good practice to encourage such loads by tariff 
arrangements. In districts of these kinds it may pay better 
to put down transformers at rather short intervals, and to 
switch some of them out after closing time and during the 
summer months, rather than to put down heavy distributing 
cables. 

The lighting load of factories and workshops is also of poor 
annual load and form factors. The lighting comes on to the 
winter peaks. If such places also take power, the o verall load 
factor may not be too bad, but the peaks have to be provided 
for. 

The results of detailed local estimates of the kind outlined 
will be a plan of mains of definite sizes, with appropriate 
places for substations of definite capacities indicated by the 
convergence of the mains and their estimated loading. They 
are applicable to all areas of supply, whether extensions of old 
undertakings or entirely new ones. 

Something should be said about the use of voltage regulators 
on distributing mains. In some cases it may cost less overall 
to install voltage regulators than to use a cable of sufficient 
capacity (or more substations) to keep the voltage drop within 
bounds. Such cases arise where distributors have become 
overloaded qua voltage drop but not qud heating, and where 
the loads are at long intervals but individually small, so that 
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the length of distributor per consumer is relatively great. 
The fii-st case arises in existing networks on which the load has 
grown beyond the original estimates ; the second case arises 
in outlying suburbs with houses at long intervals, approaching 
the conditions of rural districts. 

The densely and overloaded network of the first kind of case 
would probably be best dealt with by putting down additional 
substations or more copper; but sometimes that cannot be 
done as soon as desirable. 

The second kind of case, the long distributor not overloaded 
in the economic sense, but having an inadmissibly high voltage 
drop at peak load, can be dealt with by one of the booster 
regulators, perhaps an end booster. But in planning for such 
a distributor it would probably be wise to consider putting 
down a h.t. feeder with transformers under the street or in 
kiosks, and only very short l.t. cables. In the U.S.A. it is now 
common to run h.t. lines at from 2-3 to 11 kV. along such 
outlying suburban roads, and put in transformers for each 
consumer. Whether that can be done in this country depends 
upon local conditions not amenable to generalizations. 

The most difficult areas for load forecasting are rural districts. 
In this country there is as yet but little available experience, 
but it is being added to rapidly. As a general rule one would 
run overhead 11 kV. or 33 kV. lines along roads and cross 
country to pick up villages, factories, and so on, of the mini- 
mum conductor sizes required by the regulations. Such 
conductors can supply substantial loads over considerable 
distances. There is not so much cost involved in augmenting 
the capacity of overhead lines as in augmenting the capacity 
of underground cables, so that under-estimates of the load 
involve less risk of unnecessary eventual cost. 



CHAPTER XI 


REINFORCEMENTS AND EXTENSIONS OF EXISTING 
SYSTEMS 

When the load on a portion of an existing system approaches 
the limits of either the permissible voltage drop or the heating 
of the mains at peak loads, the question of the most economical 
way of reinforcement needs consideration. 

Where the distribution is by d.c. tlmee-wire mains fed from 
rotary converting substatioms, the usual practice has been to 
lay new feeders from the substations to suitable points on the 
distributors. That is a costly plan, for it means adding con- 
ductors of the most expensive class in proportion to their 
energy delivering capacity. But it may well be less expensive 
than putting down additional rotary machine substations. 
The method has led to the existence of such copper mines” 
as bunches of three-v/ire lines of 1 in.^ outers in some densely 
loaded areas. To-day the mercury arc rectifier permits of the 
placing of smaller substations directly upon the distributing 
network, which is more economical than running heavy feeders 
from the original substations. That plan has found favour in 
some areas of the residential class where the load density is 
moderate and the distances from the substations long, so that 
increased loading by the adoption of electric cooking, etc., 
has produced excessive voltage drop in networks wliich served 
quite w^ell for fighting loads. The addition of rectifier sub- 
stations involves the laying of h.t. feeders for their supply, 
unless the original h.t. network serves. 

It will be worth while to consider whether such reinforce- 
ment is likely to suffice for a reasonable future, or whether it 
would not be better to go the whole way and convert to an a.c. 
system. It can be said for the rectifier as a temporary provision 
that the substation and h.t. feeder will serve equally for the 
transformers when conversion is decided upon, so that the cost 
of the interim step will only be that of the rectifiers and their 
accessories, which may not be entirely sacrified when conversion 
takes place. One rectifier set may serve at a number of places 
in succession when conversion is in progress over a large area 
of supply. 

If the load density along a distributor has become locally 
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excessive it may be less expensive to supplement the loaded 
length by additional copper than to put down a new feeder 
from the nearest substation. The additional copper will be 
more economically added in the form of cables parallel with 
the old ones, transferring some services from the old to the 
new, than by putting in a new heavier cable and taldng out the 
old one. A cable which has been cut into and tapped at short 
intervals has only scrap value ofter removal. Changing the 
cable will involve more interruption to consumers’ supplies than 
transferring only some of the services from the old to the new 
cable. If a spare duct has been laid alongside the original cable, 
the laying of the new one will be greatly facilitated and 
cheapened. 

There is a clear distinction between reinforcing an existing 
d.c. system and extending it. There may still be some cases 
where extension is required. If the voltage drop limit wdll be 
exceeded, probably the mercury-arc rectifier will afford the 
cheapest way of meeting the requirements, laying four-wire 
cables to be used as three-wire until a.c. conversion is carried 
out. Then only alterations to some of the services will be 
necessary. But it would probably be better still to cut out the 
intermecliate stage and put down a three-phase transformer 
substation at once, so saving the exchange of consumers’ 
appliances, meters, etc., eventually. 

For the reinforcement of an existing a.c. system, almost 
always the most economical plan is to feed it at more frequent 
intervals from additional substations. If the need has been 
foreseen in the lay-out of the original h.t. system, or a spare 
duct has been laid alongside the l.t. mains, the cost should be 
reasonable. This matter has already been discussed in the 
chapter on system lay-out and networks. Exceptions may 
arise in the case of long dead-ended mains, not heavily loaded 
but having an excessive voltage drop at peak loads on account 
of the distance from the feeding point. Such cases may be 
dealt with by the use of some form of voltage regulator, usually 
one of the automatic type requiring no attendance. Other 
methods may be feasible, for example, cross-connecting the ends 
of two mains to make a ring or loop will help if one has a 
smaller voltage drop than the other ; or if there is a difference 
in the time incidence of the peak loads in the two. In exagger- 
ated cases of this kind it may be well to consider substituting 
a h.t. feeder and putting transformers on it for some or all of 
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the individual loads. Evidently it would have been better to 
have put down the h.t. feeder originally ; l)ut one cannot always 
foresee what will happen along suburban roads which looked 
like remaining open liighways indefinitely. 

There are many areas where the distribution is by three-wire 
single-phase mains with 200 volts across the outers. If the 
cables are sound, the voltage can be doubled. Experience 
shows that many three-wire concentric cables for 100-100 
volts laid many years ago are quite reliable for 200-200 volts. 
The change means replacing all consumers’ appliances, meters, 
etc., but even so it is a cheap way of quadrupling the load 
capacity of the cables. They can be fed from the centre-tapped 
400-volt secondaries of tliree-phase transformers, which can 
be used later for four-wire distribution, by a simple change of 
the connections. They cannot be fed as 230-230-volt three- 
wire lines from such transformers, because the two outer 
currents add vectorially in the middle wire and will overload 
it, with heavy voltage drop. 

More serious considerations arise when the primary h.t. 
feeders to any area become or threaten to become overloaded, 
unless the contingency had been provided for in tlie original 
lay-out, e.g. by running spare ducts along the original h.t. 
routes. Some relief may be obtained by cross-connecting the 
ends of adjacent feeders into loops, particularly if advantage 
is taken of some diversity in the time incidence of the indi- 
vidual peak loads. For more ample reinforcement there are 
the alternatives of running additional cables or laying a new 
e.h.t. ring or rings, say at 33 kV., with step-down transformers 
to feed the old primary at convenient points. Raising the 
voltage of the old primary will rarely be practicable unless the 
cables were chosen with that step in view. Cables rated for 
6-6 kV. sometimes prove safe for 11 kV., but it is hazardous to 
try that on cables which have been in use for several years. 
Also the actual job of changing over the transformers presents 
many difficulties. On an overhead system the raising of the 
line voltage is practicable if the insulators were chosen to be 
suitable for the higher voltage, or if they can be changed readily. 
That has been done in some cases. 

The superimposition of an e.h.t. system has much to recom- 
mend it as a method of reinforcing a large system at minimum 
cost. It reduces the total current leaving the source and the 
difficulties arising from the bunchmg of feeders in its vicinity. 
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Tlie percentage voltage drop in the primary system is smaller. 
The old primary network, fed at frequent intervals, will have 
its efficiency and capacity increased. Where a d.c. distribution 
has been fed from rotary substations, those substations will 
be good places for the step-down transformers. A ring or 
rings will usually be the preferable form of lay-out, affording 
two-way feed to all substations with facilities for sectionalizing. 

Unless there are spare ways or ducts on suitable routes, it 
will be best to jDlan the routes of the e.h.t. lines with regard only 
to the positions of the step-down substations. 

Where rotary machine substations serve tramway systems 
as well as the general distributors so that some of the rotaries 
must be retained, the converter transformers should be fed 
from the stepped-down voltage, not changed for feeding from 
the new e.h.t. lines. The step-down transformers used to 
supply the traction load as well as the general load will be used 
at a better load factor than if the converter transformers were 
also supplied from the e.h.t. lines, and the cost of replacing 
the latter will be saved. 

When the problem is that of the extension of an existing 
area of supj)ly into a new one, it will usually be best to plan 
the new distribution as if for an independent area, taking the 
points on tlie existing primary system whence the new one will 
be fed as the source or sources, the starting points for the new 
primary. The neighbourhood of a C.E.B. line or substation 
may ]3rovide a more economical source than the existing 
system ; or both that and the existing primary may be advan- 
tageously utilized. All the local circumstances must be con- 
sidered. The initial load and its rate of growth will usually be 
estimated. Where the designer who considers too intently 
the initial cost of extension may be caught is by extending a 
primary system working at a moderate voltage — say 6-6 kV. — 
beyond its economic radius on the assumption that the new 
load will be only small for some years to come, and then finding 
within two or three years that the 6*6 kV. lines are overloaded. 
Where there is even a bare chance of that it will be wiser to 
put down cables for a higher voltage, e.g. 33 kV. They can be 
worked at 6*6 kV., i.e. as an extension of the original system, 
whilst the loading permits ; or a step-up transformer may be 
put in at a suitable point ; eventually a 33 kV. feeder must be 
run from the source across the original area of supply, when the 
load justifies that. 



96 ECONOMICS OF ELECTRICAL DISTRIBUTION 

In this country extensions of the kind under discussion will 
be into rural or semi-rural districts, or into ''satellite ” towns or 
the like. Examples of the former class are the rural areas around 
Bedford and Norwich, where most of the lines are overhead; 
but in the Norwich case an 1 1 kV. cable ring serves part of the 
area. 

It is likely that the C.E.B. grid will make 33 kV. available 
for many such areas and that 33 kV. will become a very general 
primary voltage. 



CHAPTER XII 

SUBSTATIONS : TYPES AND APPLICABILITY 
CONTINUOUS CUEEENT SYSTEMS 

Substations for continuous current (or direct-current) systems 
are equipped with converting machinery which may be 
conveniently classed as — 

(а) Rotary, including rotary converters, motor-generators, 
motor-converters ; and, 

(б) Rectifiers, of which at present only the mercury-arc 
type need be considered. 

[a) Of the rotary machines the rotary converter has the 
highest efficiency fer se and the lowest cost per kilowatt 
capacity; it has to be supplied through transformers. The 
motor-generator needs no transformers if the supply voltage 
is not over about 11 kV. ; it is the most costly of the three and 
has the lowest intrinsic efficiency. The motor-converter is 
intermediate in cost and efficiency between the other two. 
It requires transformers. The rotary converter has the charac- 
teristics of a synchronous motor, that is, it needs synchronizing 
gear for starting and runs at synchronous speed independently 
of the load. The output voltage is controlled on the a.c. input 
side, not by excitation. It is possible to obtain some power 
factor correction by means of regulation of the field, which 
is sometimes an advantage ; although such correction involves 
a sacrifice of d.c. output. In other words the maximum capacity 
is a kilovolt-ampere input capacity. 

The other two types are susceptible of voltage control by 
excitation. If the motor element of the motor generator is of 
the induction type, as is usual, it does not need synchronizing 
at starting and its speed will vary inversely (but not propor- 
tionately) with the load. 

The motor-converter is a synchronous machine susceptible 
of d.c. voltage control by excitation. 

All three types have a no-load or minimum rate of loss in 
addition to load losses, of considerably larger magnitude than 
transformers. As a general rule rotary substations are 
attended ; but of recent years remote control and automatic 
control equipments have been developed and used, by which 

97 
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the machines can be started, stopi^ed, and regulated from a 
control centre, or automatically, in accordance with the load 
variations. 

{b) The mercury arc rectifier has found wide application in 
recent years. It requires transformers ; and the d.c. voltage 
can only be regulated on the a.c. input, unless the rather novel 
method of grid control is used. Either can be made automatic. 
The rectifier is available in comparatively small sizes and occu- 
pies but little space, for instance it has been installed in under- 
street chambers. Constant attendance is not necessary ; remote 
control is frequently applied. It has a voltage drop of the order 
of 15-20 volts independent of the load; hence its intrinsic 
efficiency increases as the d.c. output voltage is raised. Up 
to some capacity which it is difficult to express (as makers claim 
increasing ranges), the glass or quartz globe type is satisfactory, 
i.e. it has a reasonably long life of several years. Large capacity 
rectifier units are of the steel-encased type. They require 
vacuum pumps and cooling water circulation, and are therefore 
intrinsically more expensive than the glass or quartz type ; but 
a longer life is claimed and seems probable. If units above 
some maximum capacity are required the steel-enclosed type 
must be adopted: just where the dividing line comes when 
all factors are taken into account can only be ascertained by 
getting tenders to specifications. The mercury-arc rectifier 
is suitable for relatively small sized substations distributed 
over a d.c. network, and for electric traction d.c. systems. 

The rotary machine substation has to be of fairly large size 
to keep the capital cost per kilowatt low, and to be run at a 
good load factor to make the overall cost per kilowatt-hour 
low. It is therefore suitable only for densely loaded areas. The 
mercury-arc substation can be much smaller without involving 
excessive cost per kilowatt; it can be used to increase the 
capacity of a d.c. network which has become overloaded by 
putting down rectifiers at several places and so reducing the 
loading and radius of distribution. Such a use has been made 
of it on suburban networks originally supplied from large 
rotary machine substations, in preference to the more expensive 
course of conversion to a.c. distribution; perhaps as a prelude 
to the conversion. 

It is unlikely that d.c. distribution will be adopted for new 
urban areas, or even for considerable extensions of existing 
systems. 
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Conversion for traction supply will have to be considered 
later as a special case. Conversion for consumers who must have 
d.c. for their particular purposes hardly comes under the subject 
of distribution. 

It may be noted that all types of converters have no-load 
losses of greater magnitude than those of transformers ; and 
that the energy delivered through them has to carry the capital 
charges on the converters, which are much heavier than those 
on transformers. 

Batteries. A fairly common adjunct to rotary converting 
plant is a storage battery. Economically a battery may earn its 
keep if it can carry the light loads for a few hours of the night, 
or take enough of the peak loads to avoid running up a con- 
verter set. In the past, storage batteries were used for such 
purposes, as well as for emergencies when the running machines 
were put out of action for any cause. To-day the magnitude 
of night loads and peak loads makes such uses impracticable. 
A battery is in itself a costly equipment ; it takes up a large 
space which must be adopted by ventilation, and acid-proof 
construction, etc., so that a spare converting set is a cheaper 
stand-by. A Diesel engine set is often a more economical peak 
load and emergency provision. A battery has heavy losses: 
from charge to discharge the energy loss is of the order of 30 
per cent. Hence a battezy is generally out of the running as a 
part of the load carrying equipment. But there are some 
subsidiary services, such as power for operating switchgear or 
some small auxiliaries, and emergency lighting of the substation 
which may justify the installation of a small battery. A radical 
difference between a battery and a generating or converting 
set is that the battery has only a Hmited ampere-hour capacity ; 
whereas the others will give their output for as long as needed. 

A battery may be justified in a traction converting substation 
to even out a peaky” load. 

ALTERNATING CURRENT SYSTEMS 

Transformer Substations. The most economical location and 
sizes of transformer substations to supply a given area could be 
calculated if all the relevant data were available; which is 
rarely , the case. As the predominant factors in distribution 
costs are the charges and losses pertaining to the It. mains, some 
approximation can be made by considering a hypothetical case 
resembling as nearly as possible the kind of load distribution 
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to be expected. Supposing that a length of distributing 
main has a uniformly distributed scries of loads along it, the 
most economical current density for the kind of cable to be 
used IS calculable, and so the voltage drop per 100 yds. That 
sets a limit to the spacing of the substations along the length, 
which is not necessarily the most economical spacing. For the 
same load distribution a cable of lialf the section and trans- 
formers at half the spacing would give the same current density 
with one-quarter of the losses and half the voltage drop. There 
would be two substations each, of half the capacity of the former 
one. The two would cost more than tlie one of double size ; 
there would also possibly be an additional length of h.t. main 
to supply the two. The sum of the capital charges and the value 
of the annual losses in each case would sliow which was the 
more economical. A few trial calculations of this kind will show 
that there is some spacing below which the extra costs and 
charges on the transformer stations and h.t. line exceed the 
saving on the l.t. charges and losses. So the allowable voltage 
variation gives an upper limit for the spacing, tlie balancing 
point between l.t. savings and transformer and h.t. charges 
a lower limit. 

In densely loaded areas several hundred kilowatts capacity 
may have to be put into one substation, requiring a special 
building and the acquisition of a site for it. kSucIi an area is 
likely to be one where sites are expensive ; so that it may prove 
less expensive to find four sites to accommodate, say, 250 kW. 
each, than one site to accommodate 1 000 kW. ; although the 
transformers themselves and the h.t. feeds to the four may be 
considerably more expensive than the larger substation. There 
will, however, be some saving on either tlie l.t. mains or the 
losses in them if advantage is taken of the shorter radius of 
distribution. This is an example of the kind of practical 
circumstance which modifies theoretical calculations ; it does 
not make them valueless, however. In planning for such areas, 
besides the relative cost of larger and smaller transformers, and 
sites and buildings, the relative costs of taking l.t. feeders to 
the one site, and of bringing h.t. branches to the several sites, 
have to be considered. These questions arise particularly in 
cases of conversion from d.c. to a.c. Usually there will be a 
converting substation in being which will accommodate much 
more transformer than converter capacity. But the d.c. 
distribution with heavy feeders to points on the network is not 
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a good model for a.c. distribution. The far ends of those 
feeders may probably be good places for transformer substations 
dividing the load between them. Also there are likely to be 
some large consumers who can be more economically supplied 
by transformers on or near their premises. That will relieve 
the load on the l.t. distributors. The old converting substation 
will probably have been served by e.h.t. feeders; or can be 
readily brought into such a primary system, whether old or 
new. It is then available for a primary to secondary step-down 
and switching station. 

Special accommodation is always necessary for step-down 
stations, say from 33 kV. to 6-6 or 11 kV. Since the economic 
feeding distance with either of those pressures is much greater 
than with the d.c. l.t. pressure, the step-down capacity can be 
much greater than the former converting capacity. Hence some 
valuable sites which formerly served for converter stations may 
be disposed of ; a credit to the conversion account. 

In a new system it will rarely be necessary to site step-down 
stations where land is dear or covered with buildings. E.h.t. 
switchgear, ventilating fans, oil tanks and pumps, and other 
auxiliaries of a step-down station take up a good deal of room. 
Typical lay-outs for a given ultimate capacity will give the 
ground or floor area required. There is considerable working 
advantage in having everything on one level. An outdoor 
lay-out of switchgear and transformers may prove more 
economical than one in a building. Control gear, instruments, 
meters, etc., can be housed in a comparatively small building. 
The choice between outdoor and indoor, or between aU on 
one floor and in several storys, is largely determined by the 
cost of land and buildings. 

Distributing substations of moderate capacity may be under- 
ground chambers. Probably 100 kVA. is about the practicable 
limit for chambers under the streets. The Commissioners’ 
Regulations put it at 75 kVA., but permission may be given 
for larger capacities on cause shown. The permissible sizes of 
manhole covers and the facihty of handling probably make the 
largest convenient size of transformer about 25 kVA. Three of 
that size make up the Regulation maximum. Adequate ven- 
tilation may usually be obtained by up- and down-cast air 
ducts, the motive power being the heat from the transformers. 
Road authorities are inclined to object to large under- 
street chambers ; they may be over-ruled on appeal to the 
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Commissioners; but such a procedure does not make for 
comfortable relations. 

Larger accommodation may be found on plots of small 
commercial value, enough perhaps for outdoor transformers; 
occasionally one may find a suitable building with a roomy 
basement; or erect such a building and let out the upper parts. 
The freehold should be secured in either case. 

Under-street chambers will often prove of sufficient capacity 
in not very heavily loaded urban areas. In residential suburbs, 
for example, it may be a good plan to provide such pits at 
street corners to feed a radius of, say, a quarter of a mile; 
i.e. the distances between the pits to average half a mile. They 
need not all be equipped, or even built, at first, but means of 
reaching each site by h.t. branches should be provided con- 
currently with the laying of the l.t. mains. Such a plan lends 
itself to the use of a uniform size of distributing cable, and 
minimizes the problem of voltage regulation. 

For rural districts with overhead distribution, pole-mounted 
transformers will serve for loads of up to about 50 kVA. For 
larger loads — as that of a compact village — ^the outdoor sub- 
station within an enclosure is suitable. It may be noticed that 
25 kVA. is about the lower limit of economical transformer size 
for supply from a 33 kV. line. (Tliis may not be true very soon.) 
As such an arrangement eliminates one stage of transformation, 
there are savings over the alternative of supply from the general 
11 kV. lines. Obviously such savings will not pay for more than 
a short extension of the 33 kV. line. 

Separate transformers are indicated for consumers with loads 
of hundreds ’'of kilowatts anywhere or in rural areas where the 
consumers are scattered so that a l.t. network is impractic- 
ably costly ; and in some other conditions, e.g. — 

(1) In densely loaded areas where substations and l.t. mains 
are already heavily loaded, and increase of capacity is very 
expensive. 

(2) Where the consumer requires d.c. in such amount as to 
make a converter from the h.t. mains economical. 

(3) In ''thin” areas where houses are widely spaced, or 
stand well back from the road so that services are long. It 
may be more economical to serve such areas by h.t. mains and to 
put transformers in the houses, than to lay l.t. mains, and long 
services. This is a common practice in suburban areas in the 
U.S.A. The conditions approach those of rural distribution. 
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In this country such transformers and the h.t. gear and 
connections must he enclosed, accessible only to the staff of 
the supply undertakers ; and must comply with other safety 
provisions laid down by the Regulations. Where the distribu- 
tion is by overhead lines, the pole-mounted transformer is 
indicated. 

It may be worth while to point out that the provision of 
transformers for individual consumers, involves a larger total 
transformer capacity, more cost per kilovolt-ampere, and 
heavier magnetizing current losses. Each transformer must 
be capable of carrying the maximum load of the consumer; 
so there is no diversity factor in operation. 

This illustrates the fact put in a different way above, that 
l.t. costs and losses may be reduced without limit to zero by 
multiplying the transforming points, but with some enhanced 
costs and losses elsewhere. 

SUBSTATIOlSr BUILDINGS, ETC. 

Transformer Substations. The modern oil-immersed steel- 
tank static transformer has no intrinsic need for the protection 
of a building. Outdoor types are quite common from the pole 
transformer of, say, 25 kVA., up to the giants of 50 000 kVA. 
and more of the Grid and power-houses. Distribution trans- 
formers on underground systems in built-up districts cannot be 
allowed the ground space necessary for the fencing of the out- 
door type ; some form of enclosure is necessary. The simplest 
and cheapest forms are either the kiosk or the underground 
chamber. The kiosk may be an iron or steel box, usually with 
a separate switch compartment, or a brick or concrete hut, 
according to the capacity desired. Small sizes may be located 
on footpaths, if the road authority consents; larger ones 
require more space which must be found off the street. Several 
makers have standardized the metal box type with suitable 
switchgear at reasonable prices for up to about 50 kW. trans- 
formers. Brick and concrete buildings are used for capacities 
up to about 500 kVA. : they have switchgear compartments, 
sometimes controlled from a centre ; and frequently ventilating 
fans which come into operation when the transformer load 
reaches a certain point. 

This kind of substation building offers opportunity for 
design to meet particular requirements on such sites as may 
be available ; it is adaptable to the requirements of a swdtching 
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point on the high-tension system, to prospective growth of 
load, and to housing an attendant. 

From the point of view of economic engineering it is better 
to design the structure as a containing shell for the apparatus 
it is to shelter than to shape it internally to serve as part of the 
supports of the smtchgear, and so on. There must be ample 
space to got round all the apparatus for inspection. 

Reinforced concrete will usually be the cheapest material for 
walls and roof. An efficient damp course and waterproof floor 
are essential. Architectural adornment has no economic value ; 
if authorities require the building to look like something quite 
alien to its purposes the luxury must be paid for by someone. 

The under-street transformer chamber is the cheapest in 
built-up districts. It entails no purchase of site ; in this 
country authorized distributors have an established right to 
construct it. It can be built on the line of the mains at such 
strategic points as street corners, feeding in several directions 
with a minimum length of idle mains ; and it is eminently 
adaptable to meeting the growth of load by feeding the l.t. 
mains at shorter intervals. 

There can rarely be any choice of material for floor and walls 
outside concrete ; the roof a grid of rolled I-joists filled in with 
reinforced concrete, with a frame for the cover to the manhole. 
Brickwork laid in cement mortar makes as good a job, but wiU 
usually be more expensive. Ventilation by downcast and 
upcast earthenware pipes oj)ening into grated traps is usually 
sufficient for the cooling of the transformers. Walls and floor 
should be watertight ; if the soil is saturated or water-bearing, 
an asphalt sheet may be incorporated into them. The floor 
should drain to a sump into which a suction hose of a pump can 
be lowered. Flooding from heavy rain, or from the bursting of 
a neighbouring water main should be provided for by putting 
all switchgear, fuses, etc., into watertight boxes ; then flooding 
will not matter. No high-tension switchgear is permitted in 
under-street chambers in this country. 

Substations on e.h.t. systems, whether for step-down trans- 
formation or for switching only, must be above ground, prac- 
tically always on acquired sites. If ample space is cheaply 
available, outdoor type switchgear and transformers will save 
the cost of buildings. There must be some shelter for control 
gear, instruments, etc. What has been written above in regard 
to the hut form of transformer kiosk applies here. In built-up 
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districts where there are no vacant sites, it is sometimes 
possible to acquire the basement of a building and convert that 
into a substation of either land. Where the building belongs 
to a large consumer such an arrangement may be made as part 
of the agreement about terms of supply. Leasing such 
accommodation is objectionable ; the safe policy is to acquire 
the freehold of a building and either adapt it or rebuild, letting 
off any portions not required. 

Rotary Converter Substations. The requirements of accom- 
modation for substations on d.c. systems employing rotary 
machines are much more exacting than those of a.c. substations. 
There is not much choice of location ; the substation must be 
somewhere near the load centre of the area served. The ground 
area must provide a machine room floor large enough to permit 
all-round access to the machines, and of lifting out and setting 
down of any part for inspection or overhaul. The height must 
allow for a crane for the purpose. 

The low-tension switchgear should be in the machine room 
so that the heavy conductors may be short, and so that circuit- 
breakers and instruments may be in sight of the machine 
attendants. High-tension switchgear is better outside the 
machine room : it may be of the outdoor type if the site permits. 
The transformers must be fairly close to the machines, prefer- 
ably outside the machine room — along one side wall under a 
shelter roof, for example. If a battery is to be installed, a 
separate well ventilated and lit room is needed. 

As in other cases, from the aspect of economic engineering 
it is best to consider the building as a shelter for the equipment. 
For example, the crane gantry will be more economically 
supported on steel columns than on the side walls. If the site 
allows freedom in the lay-out it should be remembered that 
the cost of roofing goes up rapidly with increase of span; a 
building twice as long as its width will cost less to roof than 
a square building of the same floor area. Of course there are 
limits to this ; but it has a bearing upon putting the transformer 
and high-tension switchgear outside the building. 

There must be easy access from the street for the largest 
transformers and machine parts, good ventilation, and good 
natural hghting if possible. The transmission of noise and 
vibration to neighbouring buildings must be minimized ; ample 
cable-ways from the street mains to the switchgear must be 
provided. 
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Probably there will be few new converter stations built in 
this country outside those for traction purposes. If the need 
does arise, local conditions will be the determining factors in 
the style, material, and ultimate cost of the buildings. There 
is no compensation in earning power or eiiiciency for costly 
ornamental features, but ample return for forethought and 
expense in making the buildings convenient for their purpose. 

Many existing rotary machine substations are housed in 
buildings which were formerly generating stations. Strictly, 
the remaining capital charges on the buildings should now be 
debited to distribution. 

Rectifier Substations. Rectifiers are more easily accommo- 
dated as regards sites and buildings. They are of light weight 
requiring no heavy foundations, quiet and free from vibration, 
and occupy but little space. Perhaps the main point in their 
favour is that they can be of small individual capacity without 
being unduly expensive, which favours spacing out rectifiers 
along distribution routes instead of at centralized stations. 

Rectifiers of up to 50 kW. with transformers and switchgear 
can be lodged in under-street chambers. More room is necessary 
than for transformers of equivalent capacity ; more ventilation, 
so a fan is needed. Making allowances for these extras, what 
has been written above about transformer substations is also 
apphcable to the rectifier type. For general distribution the 
rectifier seems likely to have but a transient existence. Traction 
applications wiU be dealt with in their place. 

Evidently any substation which requires personal attendance 
must have some minimum accommodation for the attendants, 
which adds to the cost of the buildings. That is one of the 
items to be set against the cost of remote control apparatus 
when considering the pros and cons of that method of operation. 
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ARRANGEMENTS FOR LARGE CONSUMERS AND 
SPECIAL REQUIREMENTS 

Consumers with loads running into hundreds of kilowatts 
should not be supphed from general low-tension mains, but 
from substations on or closely adjacent to, their own premises. 
If on the consumers’ premises, high-tension services, switch- 
gear, and transformers have to be safeguarded by precautions, 
including limitation of access to the employees of the supply 
authority ; or if the consumer requires high-tension within the 
premises, then the works become subject to the Factories and 
Workshops Special Regulations. It is a moot point whether 
those Regulations apply to high-tension gear on the consumers’ 
premises to which only the supply personnel has access. The 
Home Office claims that such substations are “factories,” but 
will exempt them from the Regulations applying to high-tension 
work accessible to the consumers’ workpeople. The Factory 
Inspectors may, and do, make suggestions for safety measures 
in excess of those required in the undertakers’ own substations ; 
and have power to institute proceedings where they consider 
that the undertaker is in default. This is only mentioned 
by way of caution; it is not a complete statement of the 
legal responsibilities. Extra-high-tension supply to a consumer 
(over 3 000 volts) requires special consent from the Com- 
missioners. 

In these oases of high-tension supply, the consumer may 
agree to pay for the supply at high-tension rates, providing his 
oTvn transformers, etc. The undertakers’ expenditure is then 
Limited to the high-tension line and switchgear meters and 
protective gear. It is rather a technical than an economic 
point that if the consumer uses motors and the like, at the 
h.t. supply voltage (e.g. 6-6 kV.), his wiring to such appliances 
becomes part of the h.t. system; the protective gear should 
secure the rest of the system against faults and overloads 
arising on that wir ing . The cost of these provisions should be 
considered in the charges made for the supphes. Sometimes 
supphes of the kind are taken as stand-by or peak-load pro- 
vision to supplement the consumers’ own generating plant. 
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Obviously the charge made should include a proper sum for 
the capital charges involved; independent of the use made 
of the connection. 

It is always advisable, and may be essential, to have alter- 
native routes of supply to large consumers. If special feeders 
have to be laid to serve them, the most economical sizes of 
cables and other elements of cost become worthy of attention. 
The load and form factors of the load Avill usually be foreknown 
with fair accuracy; they may result in a current density 
different from that in the general system. In districts mainly 
residential, comparatively small factories may be most eco- 
nomically served from special substations. If the new load 
would be excessive for the existing distributors, it is a question 
whether to reinforce them, or to extend the nearest high-tension 
main and put in another transformer. 

Large buildings such as hotels, office blocks, department 
stores, blocks of residential flats, etc., offer some diversity of 
conditions. Where the proprietor is to be the sole consumer, 
as in the case of hotels, a substation in the basement of the 
building is usually practicable. Where there will be many 
consumers, the individual tenants of flats, and so on, the owner 
may expect a rent for accommodating the substation. The 
rising and floor mains will be virtually part of the undertakers’ 
distribution system, although they may be provided by the 
proprietors of the building. As the losses in those mains are 
part of the distribution losses, the undertakers have a real 
interest in seeing that they are of adequate size for the load. 
The proprietor may not wish to spend so much as the under- 
takers would like ; the latter have to bear the brunt of com- 
plaints of low voltage from the consumers as well as the value 
of the losses. It is evidently a matter for negotiation with the 
proprietor initiated at the earliest opportunity after it is known 
that a building of this class is to be erected. The architects 
and builders can do much to facilitate or render irksome the 
connection of individual consumers, the placing of their meters, 
etc., and touch should be kept with them throughout the 
planning and erection. From some points of view it would be 
better for the undertakers to own the mains throughout the 
buildings. Prior settlement of these matters is preferable to 
raising prickly three-cornered questions between consumers, 
proprietor, and undertakers afterwards. The undertakers are 
in a good position for negotiation, as the proprietors must offer 
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tlieir tenants facilities for supply; the undertakers are not 
obliged to do more than put in a service and meter for the 
whole building, leaving the proprietors to make their own 
arrangements for retailing to their tenants. 

In the ''sky-scrapers’' of American cities it is now common 
to find high-tension rising mains to substations on several 
floors, saving much copper and voltage drop over the alter- 
native of heavy low-tension risers. The facts that these build- 
ings often house as many people as a small town, and that the 
American low-tension supply is at 115-230 volts give more 
powerful inducements for such arrangements than are likely 
to occur ill this country. 

It is well to arrange that the transformers for large buildings 
also feed into the general distribution system outside it. That 
will improve their utilization, particularly desirable in the 
case of an office block which is likely to have, by itself, a 
rather poor load factor. 

Where large buildings stand on an island site it is a good 
plan to put down one substation in the street on each frontage 
and take in as many l.t. services feeding into a ring main inside 
the building, whence the rising mains may take off at con- 
venient places, as convenient service entries and rising main 
positions may not match. Such an arrangement removes 
‘possible difficulties about access. The outside substations may 
be switched out one at a time for inspection, change of trans- 
formers, etc. It may be possible to put the transformers upon 
different h.t. feeders, giving alternative routes of supply ; but in 
that case it v/ill be necessary to ensure that in the event of 
one feeder being switched out for any purpose, it is not kept 
alive by paralleling through the l.t. sides of the transformers. 
Probably some of the most awkward cases of supply arise 
where old large houses are converted into blocks of flats. It 
can only be repeated that early conference with proprietors, 
architects and the rest, is essential for arranging satisfactory 
service. Pdng mains on each floor are desirable. Rising mains 
of bare copper on insulators in special shafts may be less 
costly than cables. 

A requirement occasionally met with is the provision of 
emergency service independent of the main supply. That 
obtains in theatres in London. (It is obviously desirable to 
avoid complete darkness in places of public assembly.) The 
requirements can rarely be met to the extent of giving supplies 
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from different sources. It may be that supply from different 
feeders will be accepted. In the London tlieatre centre there 
is a d.c. system fed from Diesel engines which is a very satis- 
factory way of giving the desired “police'' lighting in supple- 
ment to the main a.c. supply. It is rather expensive, hardly 
pi-acticable as an economic resource in other than exceptional 
circumstances. More practicable perhaps is the installation of 
an accumulator, trickle charged from a rectifier; with auto- 
matic switcliing of the “police” lighting in case of interruption 
of the main supply. Generally such provision is a matter for 
the consumer ; the undertaker can help by giving a low price 
for the charging energy. Such battery stand-bys are particu- 
larly indicated for surgical operating theatres ; again at the 
consumer’s cost. 

Particular Needs of certain Consumers. Some of these are : 
continuous current for particular operations ; and highly 
fluctuating loads such as those of arc furnaces, welding ma- 
chines, rolling mills, etc., high-frequency furnaces and tool 
drives. As a general rule, all kinds of converting machinery 
whether for rectifying, change of voltage, frequency, and 
number of phases, should be provided by the consumer. The 
undertakers’ interest is to see that what is installed will not 
injiuiously affect voltage regulation and other conditions of 
supply to other consumers. For example, the starting current 
of large motors needs limitation; arc furnaces and welding 
machines give a very peaky load. It is advisable to x^ersuade 
consumers who propose to use any of these things to specify 
I)erformances and appliances which will minimize load 
fluctuations. 

A common feature of industrial loads is p)oor power factor. 
A rational tariff will offer the consumer an incentive to keep 
his aggregate power factor reasonably high. Making him i)ay 
for poor power factor does not remedy the inconveniences of 
voltage drop or high mains losses. The undertaker may have 
to do some power factor correction in his own substations; 
the consumers who cause the trouble should pay for the remedy. 

Where fluctuations of load and poor J 30 wer factor prevail, it 
is advisable to supply the works concerned from separate 
transformers. A connection from the general distributors may 
be provided for part of the supply, e.g. the lighting. 

In this country an authorized undertaker is entitled to 
refuse to connect to consumers appliances which will injuriously 
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affect the service to others, or the undertakers’ property. But 
the limits of reasonable cause for refusal are not well defined ; 
it is better to agree with consumers upon what they may put 
in and how they will use it than to engage in disputes. 

The development of rectifiers of various kinds — copper- 
oxide, valve, mercury arc — ^has greatly facilitated the supply 
of d.c, for loads of moderate and small magnitude. For 
example, an electro -plating shop can be equipped with a 
rectifier of suitable capacity and voltage for each vat at a 
much smaller cost than that of rotary machines ; they will 
need no attendance, oil, brushes, etc., and be generally more 
efficient. Electro -chemical operations requiring large cui rents 
at low voltage will doubtless continue to be served by rotary 
converters (until metal rectifiers become available), they can 
be designed to provide some degree of power factor correction 
for other loa-ds. The way in which single-phase appliances, 
such as V' elders, are supplied from three-phase mains may 
produce serious phase unbalance, or none at all ; though it is 
bound to produce a ‘‘peaky” load of low power factor unless 
corrected. Obviously a powerful form of persuasion is a method 
of charging which favours the consumer whose power factor 
and phase balance are good. It is most important to develop 
such relations with large consumers that they will spontaneously 
consult the undertakers’ engineer before they decide what 
conversion and transformation plant they will install. The 
undertakers’ “consumers’ engineer” should be well up to date 
in this field. 

The “electrode boiler” is coming into some favour as a 
means of central heating. It is supplied at high voltage — 
6*6 kV. or more — with the neutral connected to the boiler 
shell. This infringes the regulations about earthing, but has 
been permitted in some cases. Apart from that it is advisable 
to consider whether the possible irregular working of the 
bbiler is likely to have any undesirable effects upon the rest 
of the system. A separate transformer seems a more comfort- 
able arrangement than a direct connection. 

There are a few instances, likely to be added to, of very 
large works being supphed by special e.h.t. feeders from 
generating and grid stations. In some of these cases the works 
have had their own power stations which may or may not be 
kept available for running in parallel with the supply system. 
These cases are always subject to special agreements which 
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should be quite definite about the magnitude, load factor and 
power factor of the load ; the calculation of the most economical 
transmission lay-out is then simplified. 

Factory Acts Regulations. The new Factory Act which 
becomes operative on 1st July, 1938, clarifies and extends the 
definitions of the premises to which “Regulations for the use 
of Electrical Energy’’ will be applicable. Doubtless a new set 
of Regulations will be issued shortly, and should be studied. 
The Regulations will interest supply undertakers as well as 
consumers. 



CHAPTER XIV 

NON-STANDARD SYSTEMS FOR SPECIAL CASES 

Street Lighting. When street lighting is adopted along routes 
where distributing mains already exist, the street lamps can 
be supplied from those mains. The questions which then arise 
are mainly concerned with switching on and olf. If a switch 
wire has been provided with the mains, there will be little 
reason to do otherwise than use it, with a magnetic relay in 
each lamp equipment. Time switches are frequently used; 
they, may have an “astronomical” feature which controls the 
switcliing times by the calendar. Recently there have been 
some trials of photo-electric relays which have the advantage 
of responding automatically to variations of natural light. 
Both types require some attention and maintenance. The 
initial cost, reliability, and maintenance cost of time switches 
are well established ; whether that can yet be said for the photo- 
electric type is doubtful. Information should be obtainable 
from both users and manufacturers before long. A few in- 
stances are on record of the use of valve relays actuated by a 
liigh frequency current imposed upon the mains. This plan 
is said by users to be quite satisfactory ; experience is at present 
limited. Any of these switching equipments adds considerably 
to the cost of the apparatus at each lamp-post. Probably the 
magnetic switches and a switching line will give the minimum 
total annual cost, unless the running of a switching line involves 
breaking up and reinstating paving. 

Time switches are essentially clock movements, a kind of 
mechamsm one would rather not put into lamp-posts or lan- 
terns. With a switching line a time switch in a substation 
can control a large number of lamps; and is in a more 
favourable environment for good performance and examina- 
tion at intervals ; whilst a solenoid-actuated mercury switch 
at each lamp-post is a fairly robust and comparatively cheap 
mechanism. 

When special mains have to be laid for street lighting it is 
worth while to consider whether a parallel or a series system 
should be used. The series system has some advantages. Only 
one conductor is required for any line of lamps which forms a 
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loop. For instance the line can go ont on one side of the street 
and return by the other feeding the lamps on both sides ; it 
can pick up lamps on side streets and up to long distances on 
any irregularly scattered plan. There will be no voltage varia- 
tion between the nearest and the most remote lamps. The 
conductor can be of smaller copper section than the double 
conductor required for a parallel system. 

Against these advantages the line must be fed tlirough a 
constant current transformer — an appliance of respectable 
antiquity and proved reliability — the cable must be better 
insulated than for a parallel system, and a safety cut-out must 
be provided at each lamp-post to prevent the circuit being 
opened by a lamp failure. Probably the best arrangement on a 
series circuit is to put a transformer at each post so that the 
lamps and holders are not at the comparatively high line 
voltage. The series plan with transformers has been extensively 
used for many years in the U.S.A., at first for arc lamps, later 
for filament lamps; recently for some of tlie new gaseous 
discharge lamps. Standard series transformers as used in the 
U.S.A. will be produced here cheaply if there is a demand for 
them. Transformers can evidently be‘ used on parallel circuits ; 
they permit the use of lamps of other than the general dis- 
tribution voltage, and are less liable to give trouble from 
leakage than lamp fittings on the general mains. It seems 
likely that gaseous discharge lamps will become generally used 
for street lighting, when it will be an advantage not to be tied 
to a particular voltage. 

Smce street lighting is usually run from dusk to dawn it 
has an annual load factor approximating to 50 j)er cent. The 
economical current density for that load factor is about 1*4 
times that for 100 j)er cent load factor. On a series system the 
conductor is of uniform section all round the circuit, so it is 
easy to select a cable size approximating to the most economical 
density with no restrictions of voltage drop. On a parallel 
system the voltage at every lamp may be equalized by running 
the two-conductor cable as a loop, with both ends brought to 
the point of supply and one of each pair of leads connected to 
the transformer as shown in the diagram on the next page. 

The voltage drop is then the same to every lamp and need 
not be considered in selecting the conductor size which may 
be uniform all round the loop, or stepped down at each lamp. 
Either is less economical than parallel connection, because the 
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total ciuTeiit circulates round the whole length of the loop. 
With uniform conductors and ten equidistant lamps the losses 
are 3-^^ times as great for the single end connection as for con- 
necting both ends of each lead. It may sometimes he a useful 
arrangement on long roads where only a low tension supply is 
available at only one end, a series system would attain the 
same result of even voltage more economically if a suitable 
supply were available. 
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Improved road lighting is very much in demand to-day; 
and requirements for lighting long stretches of main roads are 
likely to arise where economy in mains and the need for even 
voltage may both be best served by a series system. A series 
system is sometimes quite useful for the general lighting of 
large halls, or for the temporary lighting of outdoor shows and 
the like with lamps or groups of lamps of high candle-power — 
a reversion in principle to the old series arc circuits. 

Electric Traction. Distribution for electric traction is a 
subject which might occupy a substantial volume for com- 
plete description and discussion. Only some salient points of 
economic design can be touched upon here. 

In some respects the problem of economical design is simpler 
than that for general distribution. The location and magni- 
tudes of the loads are foreknown from the prospective service ; 
the weights and speeds of cars or trains ; the gradients and 
stopping places or stations; the characteristics of the motors 
to be employed ; the points of supply ; and the voltage to be 
used on the vehicles. Given the working time-table and plan 
and contour of the several sections of the line, a load plan can 
be plotted for each section for several different times of day 
(corresponding to the services to be run at such times) and 
daily load diagrams made out for different seasons of the year. 



116 ECONOMICS OF ELECTRICAL DISTRIBUTION 

Hence a very fair forecast can be made of maximum loads, of 
load factor for each section and for the whole line. There is 
much less uncertainty about what has to be provided for; 
therefore economic calculations have a smaller element of 
speculation than in the general distribution case. 

Another favourable point is that the voltage variation with 
load may be considerably greater than is permissible in general 
distribution without serious detriment to the service. Of course, 
the prospective time-table may not be adhered to in practice ; 
usually there will be some positive limitation of the maximum 
number of trains or cars which can be put upon eacli section. 

In what follows it will be assumed that the load plans have 
been worked out for the primary supply to the transport lines, 
resulting in a plan of substation j)ositions of certain capacities 
and of a suitable primary lay-out of mains. These may be part 
of a general transmission system or special to the traction 
undertaking according to cii‘cumstances, calculated on economic 
principles as for any other class of distribution, but taking 
advantage of the greater latitude of voltage variation which is 
possible in the traction system. It seems that in any new 
traction work requiring continuous current supply, the sub- 
station equipment will be of the rectifier type, reducing the 
l.t. feeders to a minimum, usually confined to the routes of the 
traction system between the substations and the feeder pillars 
or their equivalents. It may be observed that converting 
plant cannot be used simultaneously for general and traction 
supplies so that there will usually be little advantage in design- 
ing substations to serve both purposes if that involves laying 
l.t. feeders of appreciable length to the traction route. The 
existing facilities of remote control and automatic control 
of converter substations eliminate the expensive continuous 
attendance which in the past has militated against the adoption 
of relatively small substations. There is nothing against 
utihzing a common h.t. network for the general and traction 
supply : usually there will be some advantage arising from the 
diversity factor between the two classes of load. 

Tramways. The standard tramway with return conductors 
by the running rails is an unsymmetric electrical system as 
regards potential to earth of the go and return lines. In this 
country there is a regulation limiting the potential to earth 
of the rails to 7 volts ; there are similar regulations elsewhere. 
Even where there are no regulations there are good reasons for 
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limiting tlie potential and magnitude of the ‘'stray’’ currents 
which return by other paths. These limitations may impose the 
necessity of supplementing the conductivity of the rails by 
track feeders. How to meet that non-economic requirement in 
the most economical way will be discussed below. 

As regards the insulated or trolley-wire side, the calculations 
of the most economic sizes of feeders should follow general 
principles. It has been assumed that the substation positions 
have been settled from a load plan of the route ; the values of 
load factor and form factor for each section of the route fed 
from each substation will be available from the same data. 
The trolley wires are usually run in half-mile sections fed 
through feeder pillars at that spacing and electrically in 
parallel with the feeder cable. On lightly loaded terminal 
lengths the trolley wires may afford sufficient conductivity to 
dispense with a feeder cable. The section pillars then have 
only links and fuses connecting the successive trolley wire 
sections. 

The length of route to be fed from one substation may 
generally be taken as half-way to the next substation on each 
side. Usually it vdll be near enough to assume that the whole 
load of all the cars on the route between two substations is 
concentrated at the centre of the length and equally divided 
between the two substations. Allowing for the parallel trolley 
wires the appropriate economic (or nearest standard) size of 
feeder cable can be selected. As the feeder will be tapped at 
each half-mile, theoretically it should be tapered down in 
section at each tapjoing point. Practically this may not be 
worth while. It is important to take account of the gradients . 
on the tramway as they determine the load imposed by each 
car. With any given service it can be assumed that the cars 
will be distributed over the route at about equal distances 
corresponding to their time headway and speed. Taking into 
account the stopping places and the gradients, the loading for 
each half-mile section can be worked out. The current taken 
is a maximum when starting, or when climbing a gradient, 
and a minimum when running "free” on a straight level or 
downhill road. The values of the currents can be obtained from 
the characteristics of the motor equipment for the known 
weight of car. A 1 per cent rising gradient adds 22*4 lb. per 
ton to the tractive effort required. Tractive effort, curi'ent, 
and speed are all inter-related. It is therefore possible to make 
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a time-current diagram for each, half-mile section of each 
track for each of the intended services ; thus a load diagram 
for typical days and for a whole year can be constructed ; and 
if done for a fair number of representative sections of route 
it forms a proper basis for the general value of economic 
curreni density. But on particular sections, whether on account 
of gradients or of probable unusually heavy traffic at some 
times, it is necessary to determine the voltage drop in the 
trolley feeders. Motor characteristics are stated for a definite 
voltage at the motor terminals ; usually 500 volts for tramway 
motors. If the voltage is lower, the current for a given tractive 
effort win not be altered, but the speed will be proportionately 
lower. Hence to maintain a designed service speed, the voltage 
drop must be limited. Besides rising gradients, the starting 
places have to be reckoned with. On single lines with turn-outs, 
there will be two cars starting simultaneously at every other 
turn-out under maximum service conditions ; the double 
starting current should be allowed for in the limitation of 
voltage drop. (It may be noticed that on a single line with 
turn-outs the maximum number of cars — or car-trailer units — 
is equal to the number of turn-outs.) As regards gradients 
these are much heavier than in railway practice ; 1 in 1 1 is not 
uncommon for considerable lengths, steeper ones up to 1 in 6 
are to be found on British tramways. If regenerative control 
is used, a simultaneously descending car will supply some 
energy to the ascending car and so diminish the load on a 
feeder serving both. Even so it is advisable to reckon on the 
absence of a descending car. Without regenerative control there 
is no compensation for the extra current and energy taken by 
the climbing cars; roughly the extra energy is dissipated in 
braking the car on its descending journey. There is no doubt 
that regenerative control can effect considerable economy in 
energy consumption on hilly routes. Early difficulties in apply- 
ing it — ^forty years plus ago — seem to have been overcome. 
Whether the extra capital cost of the car equipment will be 
out-weighed by the saving in energy consumption is a matter 
for consideration in each case. Apparently the mercury rectifier 
is unable to return ''regenerated’’ energy to the a.c. side, but 
this disability should not be insuperable. 

Tramway centres whence several routes radiate are likely 
to have heavy peak loads, which can be calculated from the 
proposed service tables. It is often advisable to feed such 
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centres and short lengths of the radiating lines separately; 
either by special feeders or substations. 

The rail side of the system requires special consideration. 
As above stated British regulations limit the potential difference 
between any points of the rails to 7 volts. This practically 
means 7 volts from the earth plates and rail connections at the 
substations. There are also limitations on the current density 
in the rails intended to reduce stray currents to negligible 
amounts for the protection of underground pipes and the like. 
Tramway rails have a cross-sectional area of 1 in.^ for each 
10 lb. of weight per yd., and the resistivity of rail steel is of the 
order of 11 times that of copper, so that a rail of 100 lb. per yd. 
has a rather higher resistance than a copper conductor of 

1 in.2 section. The two rails of a track are nearly equal to 

2 in.^ section of copper. A mile of single track of 100 lb. rails 
has a resistance of the order of 0-025 ohm if the bonding is 
perfect. That cannot be reckoned as a permanent condition; 
it is safer to reckon the resistance as about 0-03 ohm per mile. 
If heavier or lighter rails are used, the resistance will vary 
accordingly. In order to allow for unusually heavy loading and 
other variations, it is as well to calculate for only 5 volts rail 
drop. Taking the track resistance at 0-03 ohm per mile, it is 
easily seen that the limiting product of amperes and miles for 5 
volts drop is 5/0-03 = 167 ampere-miles. Then plotting the car 
positions and their loads in amperes along a length of track 
fed from one substation, and adding the individual products 
of current by lengths, if tliis sum exceeds 167 ampere-miles 
the drop wdll be in excess of that prescribed, and some means 
of relieving the rails of part of the return current has to be 
adopted. This may be done by paraUeling the rails by a 
copper cable. To shunt rails equal to, say, 2 in.^ of copper by 
a copper conductor is generally too expensive. It is much more 
economical to use negative boosters in each track feeder. The 
positions for the feeder connection to the rails can be deduced 
from the ampere-mile plot of the line, thus — 

Starting from the substation, sum the ampere-miles until 
the limit is reached (167 ampere-miles in the cases supposed). 
Start again from that point as zero until the limit is again 
reached. That is the point for a track feeder which must be of 
sufficient section to take all the current beyond the first 
limiting point plus that from the track beyond to the 
next limiting point. The economical section of copper has 
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tlien to be chosen; from its resistance and the load, the 
characteristic of the negative booster which will automatically 
keep the rail potential within the desired limits is calculated. 
If the track is double, the feeder must take the required current 
from both tracks. As the cable has to be insulated for only a 
few volts to earth, a relatively cheap type is indicated; as 
the losses in it are generated by the booster the unit cost 
should be reckoned to include the booster capital charges and 
running costs ; these two factors oi^erate in opposite directions 
in the determination of the most economical section to use. 
Unboosted track feeders may be economical for short connec- 
tions to heavy traffic centres. 

The magnitude of this question of track feeding will be 
lessened by the use of rectifier substations which can be spaced 
at much shorter intervals along a line than was economical 
with rotary converters, or with stations generating directly 
at the tramway voltage. 

The whole question of calculating both trolley and track 
feeders, as well as some other matters of economical distribution 
on tramways, was set out by the author in a paper published 
in the Journal of the Institution of Electrical Engineers!^ in 1900. 
A good many details such as the prices assumed for cables, 
costs of generation, etc., are now out of date ; but the method 
remains correct. Another very useful paper on the subject 
contributed by Messrs. J. G. and R. G. Cunliffe, is to be found 
in the same journal.f It will be obvious that the most 
economical spacing of rectifier substations should be considered 
in connection with the cost of feeders as affected by that 
spacing. More and smaller substations at shorter distances 
will cost more than fewer and larger ones at longer distances, 
but the feeder costs will vary in the opposite way, whilst there 
win be a saving in the energy losses in the l.t. feeders by abbre- 
viating the feeders, i.e. by shorter spacing of the substations. 
As always, l.t. losses have, a higher unit cost than h.t. losses. 

Trolley-Bus Lines. The same general rules apply to these 
as above set out for tramways ; with the important difference 
that there are two trolley wires, positive and negative, for each 
track, and no earthed rail return. Hence no questions of track 
feeders or rail drop arise. On the other hand both troUey wires 
have to be fed ; and for similar loads and current densities the 
voltage drop on the feeders will be twice that of the single-pole 
* Vol. 29, p. 692. t Vol. 60, p. 704. 
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tramway system, and may have to be considered where it 
could be neglected for a tramway. This indicates that a closer 
spacing of substations may be economical for the trolley bus. 
The mercury rectifier is eminently suitable for the work. 

The plotting of loads along a line from the intended service 
and consequent distribution of buses along the line, the motor 
characteristics, vehicle weights and speeds, is just the same in 
principle as for tramways. The rubber tyres of the bus admit 
of a greater ratio of tractive effort to vehicle weight than the 
steel tyres of tramway cars ; hence the starting currents per 
ton may be larger. This should be taken into account in esti- 
mating the feeder loading. The voltage drop, especially on 
gradients, may not be negligible in resi^ect to the required 
service speed; hence it may be found necessary to adopt a 
lower current density in the feeders than that calculated as 
most economical. In extreme cases it may be worth while 
to put boosters into the feeders in order to save cable costs. 
Automatic voltage regulation by the load is an alternative, if 
found to be economically practicable. 

It seems possible to arrange the distribution as a three-wire 
system, one of each pair of trolley wires — ^the two of the "^up” 
and ''down” directions being connected in parallel — forming 
the mid-wire, the other two wires being positive and negative 
respectively on a double voltage distribution. The mid-wire 
would be earthed at the substations. Whether tliis has been 
tried or previously suggested, the author does not know. It 
would halve the expenditure on feeders. The obvious objection 
is that balancing between the two sides, i.e. between the "up” 
and "down” lines, might present difficulties; it seems worthy 
of some expenditure of ingenuity to realize so large a saving. One 
incidental advantage would be that the metal work of the bus 
could be connected to the earthed neutral wire, thus eliminating 
the (very small) risk of shock to passengers entering and leaving 
the bus which is insulated from earth by its rubber tyres. 

Electric Railways. An embarrassing number of supply 
systems is in use on electric railways ; d.c., single-phase, and 
three-phase a.c. at several voltages for each kind. The choice 
between them is usually determined by other considerations 
than that of distribution economy. From that consideration 
alone, there can be little doubt that the single-phase high-tension 
plan provides the most economical method where overhead 
trolley wires are admissible. On the very extensive system of 

g— (T.42) 
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the Peniisylvama Railroad, 11 kV. single-phase at 25 periods 
has been adopted after successful use on the New York and 
Newhaven line for many years. On the PennsylYaiiia Railroad 
the main feeders are overhead Knes, with a few sections of 
cable, at 132 kV. One of the factors against the single-phase 
system is that for the sake of the motors the frequency should 
not exceed 25 eye.: on some Continental lines 16*66 eye. is 
used. This involves the expense of frequency conversion if 
the general supply at the standard 50 eye. (60 in the U.S.A.) 
is to be used; alternatively, special generators must be 
installed. 

In this country the single-phase system had a prolonged and 
successful run on some of the suburban lines of the L.B. & S.C. 
Railway. It has been supplanted there by a d.c. third rail 
system since the grouping of the railways. 

The Committees which have considered and reported on the 
question of standardizing railway equipment in this country 
have recommended d.c. working. The deciding factors, as 
they appear to the author (who admits that his views may not 
be generally accepted), are: first, that the overhead single- 
phase wires produce considerable disturbance in adjacent 
communication circuits and that the cost of reconstruction of 
such circuits for the avoidance of disturbance would be pro- 
hibitive; and secondly, that tunnels, over-bridges, and some 
station structures give insufficient clearance for the overhead 
wires ; again the reconstruction to suit would be impracticably 
costly. However that may be, it must be accepted that a.c. 
systems are barred in Great Britain. 

Elsewhere such conditions may not operate. The single- 
phase h.t. system is probably the only one economically 
possible for long lines with light traffic, such as exist or may be 
built in Australia, South Africa, and similar countries. A 
notable example is the long line which serves the iron-ore mines 
in the far north of Sweden. There the abundance of water 
power has been a deciding factor in the adoption of electric 
traction ; but h.t. transmission and distribution were essential 
to economical utilization of the power. Rotary substations 
and l.t. distribution would have been too expensive. 

It is true that single-phase traction motors are more expen- 
sive and somewhat less efficient than equivalent d.c. motors, 
but that disadvantage is outweighed by the superior economy 
pertaining to a.c. high-tension distribution over long distances. 
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In the design of the line equipment of single-phase railways 
the voltage drop on the rails has to be considered. Steel rails 
have a high impedance due to their magnetic permeability 
and to the ''skin effect. ’’ That has to be compensated by track 
feeding through transformer boosters. Undue voltage drop 
causes a sensible straying of the return current through the 
earth, which may interfere with communication circuits 
especially with telegraph circuits using earth returns. This is 
distinct from the inductive effects from the overhead wires. 
Both kinds of interference were successfully countered on the 
suburban lines of the L.B. & S.O.R. ; there is no reason to 
consider it as a serious matter in general. The higher the 
troUey wire voltage, the smaller will be the currents pertaining 
to a given kilovolt-ampere train loading ; therefore the smaller 
the effect of the rail impedance : on the other hand, the electro- 
static induction on open wire communication circuits increases 
with the trolley voltage. There is also electromagnetic induc- 
tion upon open wire circuits from the loop formed by the 
trolley wire and the rails. This is reduced by increasing the 
voltage, just as is the rail drop, because both are current effects. 
The subject is a complicated one which has occasioned mathe- 
matical discussions which few can foUow. Experience shows 
that the interference can be reduced to neghgible dimensions 
by co-ordination between the parties interested. 

Three-phase current is in use on some Italian railways 
(perhaps elsewhere). Whilst it is a practical success, the dis- 
advantages of a double overhead conductor, and some com- 
plications of the control and motor equipment make its 
extended application improbable. 

There have been some trials of various methods of converting 
a.c. to d.c. on locomotives, in order to combine economical 
distribution and high motor efficiency. None seems to have 
survived or achieved extension. 

In this country direct current at several standard voltages 
has been recommended by the Committees which have studied 
the subject at the behest of the Government. The voltages 
have been chosen to make inter-running possible between 
lines using different voltages ; for example, 1 500 and 3 000 
volts, the motors being run in parallel on the low and in series 
on the high voltage. 

The most extensive electric railways in this country are 
those of the London Passenger Transport Board, and of the 
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Southern Railway, Both of these use d.c. at about 600 volts 
supplied to the trains tlirough conductor rails. The L.P.T.B. 
Imes are mostly underground and tube railways. They have 
tv/o conductor rails, positive and negative. The special reasons 
for adopting two conductor rails, were : (a) to leave the 

running rails free for track circuiting; and {b) to avoid the 
restrictions on voltage range on the track rails prescribed by 
the pertinent regulations. The pioneer London tube railway, 
the City and South London, had only a positive conductor 
rail, the return was by the track rails. It might have been 
expected that the iron tube would have prevented any notable 
amount of stray current. That was not the case, and measures 
had to be taken to eliminate risks to gas pipes, water pipes, 
and of interference with telegraph circuits. The other reason — 
leaving the track rails free for track circuiting — arose because 
track circuiting at the time was d.c. only. To-day a.c. track 
circuiting is practicable and is used on the Southern Railway 
and other hnes. The rails on consecutive block sections are 
isolated for the signalhng current by impedance bonds which 
allow the d.c. traction current to pass. It is unlikely that 
double conductor rails will be used in future electrifications. 
It may be remarked that the very extensive negative rail 
network of the London Underground lines gave rise to some 
undeshable and unexj^ected short-circuit phenomena. It is 
probable that the network has since been cut up into smaller 
sections, but the author has no certain knowledge of this. 

As vdth tramways and trolley buses, the mercury rectifier 
has supplanted rotary converters on the most recent railway 
electrification work. A notable example is that of the Southern 
Railway extensions to Brighton and other South Coast towns. 
The facility of feeding rectifier substations from transmission 
hues at standard frequency — such as those of the C.E.B. grid — 
makes it certain that most future railway electrifications in this 
country vdll use rectifiers with remote control from few centres 
as is done on the Southern Railway. Rotary converters for rail- 
way use have heretofore been generally worked from 25 eye. 
sources, involving special generators or frequency conversion, 
both rather expensive. The erection of new generating stations 
for railway purposes only is improbable in Great Britain. 

For the calculation of the distributing equipment on a rail- 
way, the same general method as outlined for tramways should 
be adopted. The working time-table of the proposed services. 
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with car and train weights and speeds, gradients and station 
positions, in conjunction with the motor characteristic curves, 
permit of a time load curve being drawn for each section of the 
line. The load spacing is more definite on a railway, as each 
block section can have only one train unit in it at any one time. 
But the load of such a car or train may vary between very wide 
limits. For example, a single motor-equipped car may weigh 
about 60 tons ; units of one motor car and two trailers, and 
multiples of such units, may run up to 300 or 400 tons ; whilst 
freight trains drawn by locomotives ma.y run up to 1 000 tons. 
It has to be observed, however, that multiplying the number 
and reducing the weight of trains is definitely advantageous 
to economy in electric operation, whereas with steam traction 
it is advantageous to run fewer and heavier trains. The 
service and working time-tables for an electrified railway 
should not be a copy of the steam working schedules. From 
the data named above, a 24-hour load diagram can be prepared 
for each block section on each length of route over w^hich the 
service is identical, generally for each length between junctions. 
At stations, allowance must be made for the starting currents 
of trains which call at each. Allowances may have to be made 
for slowing and accelerations at curves and junctions. Evidently 
wiiere there are several block sections between two stations 
the whole station-to-statioii length can be treated as one 
loading section. A preliminary step is to make a speed time 
curve for each class and weight of train on each start-to-stop 
run shown by the working time-table. This has then to be 
translated into a load/time curve from the motor equipment 
characteristics of each class and weight of train on each section. 
From these two sets of curves a load/time diagram of the wiiole 
line can be constructed, showing the load distribution along 
the line at a number of stated times as well as the total load. 
It will probably be necessary to make these for several typical 
days ; sx3ecial attention being given to the seasons of maximum 
traffic density. The annual load and form factors can then be 
w^orked out for each section of the line ; and the total load and 
annual consumption for the whole line. 

The desirable positions of substations can be readily seen 
from such an assembled time/load curve. Junctions v/hence tw^o 
or more lines radiate are evidently suitable for some of them. 
Some positions may be more or less fixed by the run of the 
available h.t. transmission lines; where these are unfavourable 
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feeder lines at, say, 33 kV. may be run along the railway to 
better sites. In some cases it may be advisable to run such 
a h.t. line along most of the railway, when the substations 
may be sited without regard to the main transmission system. 

An important, may be a deciding, factor in the spacing of the 
substations is the voltage drop in the conductor and running 
rails. The running rails rire usually no heavier than tramway 
rails ; they may be lighter. The train currents will usually be 
heavier than those encountered on tramways ; their magnitude 
depends upon the voltage adopted. The sectional load diagram 
will indicate what maximum current has to be allowed for on 
each section fed from one substation. The limiting ampere- 
mile product for the known rail resistance can then be applied 
to each length between substations in order to see whether 
and where feeders are necessary ; just as explained in the case 
of tramways. Where track-circuiting is to be used, the feed 
to the two running rails of each track has to be at the centre 
point of an impedance bond between them; at tlie ends of 
block sections impedance bonds must also be used. It may or 
may not be permissible to bond together the running rails of 
both tracks on double lines. This matter of impedance bonding, 
the impedance required in each position, etc., must be settled 
in conjunction with the signalling designers. The resistance of 
the impedance bonds has to be taken into account when reckon- 
ing the ampere-miles for the drop in the return, as an addition 
to the rail resistance. It will be appreciated that feeders and 
boosters to deal with heavy currents are expensive ; so that 
the siting of substations at such distances as to minimize track 
feeding may be w’^ell worth while. Where unavoidable, the 
most economical current densities — i.e. cable sizes — wdll be 
calculable on the same lines as for other cables. There are no 
regulations limiting the voltage drop on the track rails of 
main line railways in this country. As indicated above track 
circuiting imposes limitations. 

Where the line equipment is third-rail, the rail steel should 
be of higher specific conductivity than that of track rails; 
instead of one-eleventh of that of copper it may well be only 
one-sixth or one-seventh. Hence conductor rails of the usual 
80 to 100 lb. per yard are equivalent to copper of from 1-3 in.^ 
to 1*66 in. The practical limitation of voltage drop is that 
the voltage delivered to the heaviest train at the greatest 
distance from a substation must be sufficient to maintain the 
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scheduled speed of that train ; the current required for that 
speed and load can be determined from the motor equipment 
characteristic curves. As it will obviously require large copper 
sections of feeder cables in parallel with the conductor rail to 
materially reduce the voltage drop in them, it will rarely be 
economical to take conductor rail feeders beyond the nearest 
point of the sections fed from each substation. The substation 
voltage regulation should preferably be designed to take care 
of the voltage drop to the trains. Voltage variation of railway 
supply may be considerably greater than that permissible on 
general distributing systems. The conductor rail is a wearing 
part ; it loses metal by corrosion as well as by attrition ; data 
on both kinds of loss are available and should be used to predict 
the conditions over a reasonable term of years. From con- 
siderations of distribution economy, one would prefer the 
heaviest rail compatible with the mechanical track structure ; 
and would take steps to secure the most efficient form of 
bonding conductor rails. The limit of permissible loss by wear 
is a rather small fraction of the whole section of the rail. 
Supposing that the allowable wear is defined by some minimum 
section — which should be that at which the resistance and 
voltage drop just verges on the maximum allowable — ^the actual 
section selected should be that minimum plus the corresponding 
loss. For example, if the limiting section is that of an 80 lb. 
rail, the rail chosen might be of 100 lb. per yd., when the useful 
life of the rail would be that in which the wear amounted to 
20 lb. per yd. If one could foretell the rate of wear it would be 
possible to state an equation between the cost of the allowance 
for wear and the recurrent cost of renewing the rail : evidently 
the larger the allowance made the longer would be the intervals 
between renewing the rails. Such a calculation should take 
into account the scrap value of the old rails. The cost of 
renewals is clearly a working expense which should logically 
be apportioned to the traffic over the useful hfe of the rail. 

Summing up : after the siting of substations there is little 
scope for distribution economy on the positive or conductor 
rail side ; but there may be some on the track rail or negative 
side, occasioned by the need to comply with track circuiting 
limitations. The working voltage is the main factor. Possibly 
1 500 volts may be permitted on new third-rail lines ; which 
puts distribution economies into a very different proportion 
from those prevaiHng on a 600 volt line. It may be remembered 
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that 1 200 and 1 500 volts have both been used in tins country 
for some time. Insulation and guarding involve greater 
expense than with 600 volts, which must be considered when 
comparisons are made of the economical merits of different 
voltages. Permanently good bonding of both conductor and 
rmining rails is very desirable : permanency is more difficult to 
ensure in the running rails. A standard commonly adopted is 
that the bond resistance should not exceed that of 6 ft. of 
the rail. That will add 10 to 15 per cent to the resistance of the 
rails; new bonding should be much better. Welded joints — 
the best electrically — are not in favour with railway men; 
there is less reason to object to them in conductor than in 
rumiing rails. Available experience will be the best guide to 
the method to be adopted. 

Railways With Ovbkhead Cohductors. For 3 000 volts 
and more, overhead wires must be used. The higher voltage 
permits of longer intervals between substations without intro- 
ducing the complications of rail drop in excess of that allowed. 
The overhead conductor will have a relatively small equivalent 
copper section compared with that of a third rail. The most 
economical overhead construction in a given case needs careful 
consideration. For railway speeds it is necessary that the 
contact wire shall be as nearty as practicable at a uniform level 
from the rails. The sag and rise tolerable at tramway speeds are 
not so at railway speeds. Hence railway overhead work is 
designed on the catenary principle ; the contact wire carried 
by means of dropper wires from a supporting or catenary wire 
which takes all the sag. The contact wire is a wearing part ; it 
has to be renewed at intervals. There is therefore some size 
wliich in the long run will prove less expensive than either a 
larger or smaller size. Evidently the larger the new wire, the 
longer will be its life, but the proportion of copper scrapped at 
each renewal will be greater — other things being equal — than 
with a smaller wire. With the smaller wire the first cost will 
be less, the amount of scrap less, and the renewals more fre- 
quent. The calculation for the most economical size involves 
the question of rates of w^ear, the labour cost of renewals, etc., 
hardly capable of solution excepting from experience under 
similar conditions. As the catenary wire is essential, it should 
be made the main conductor ; the most economical size of the 
contact wire then involves no material element of distribution 
losses. The most economical current density in the catenary 
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can be calculated exactly on the same principles as for a cable. 
That will give differing sections for different lengths of the 
line, varying with the mean current loading as well as with the 
load and form factors. As the catenary may be composed of 
one or two stranded cables, it will be found that the price per 
ton of copper keeps more nearly constant over a range of sizes 
than is the case with insulated cables. The calculated current 
density gives directly the rate of voltage drop per mile at any 
load; therefore it can be seen, without calculating out the 
sizes, on how many lengths of the railway that density at the 
maximum load for the length will produce a voltage drop within 
the permissible limits. That supposes that the substation 
sites have been previously fixed. But the calculation may be 
used as an element in settling the best distances between 
substations. Theoretically, if a given distance and the most 
economical current density gives too high a drop at tojp load 
midway between two substations, they should be closer together. 
This may mean more and smaller substations, with some 
increase in their cost. By trial and error with a few variations 
one can soon arrive at the best combination. Where the traffic 
is densest, the substations should be closest. 

It will be seen that the rule of ‘'most economical current 
density” prescribes different catenary sizes on differently 
loaded lengths of hue. Within limits there is no objection to 
such a variation. But at certain steps in size the strength and 
cost of the supporting structures have to be altered. The increase 
of cost at a given step-up may quite well be reckoned in with 
the cost of copper per ton ; so that the most economical current 
densities will also go by steps. One would naturally begin with 
the lightest catenary anywhere sufficient, take out the cost of the 
necessary supporting structures, and regard that as a standard 
minimum. Then any larger catenary will need a stronger 
supporting structure, which will suffice up to another size of 
catenary. So one can get out a few standards suiting different 
situations, each standard structure being suitable for a certain 
range of catenary sizes. Catenary wire may be of steel and alu- 
minium strand, an alternative to copper worthy of consideration. 

It is unnecessary here to enlarge on certain features of the 
work which do not affect the economy of distribution ; such 
as the special work needed at junctions, cross-overs, sharp 
curves, and so on ; the cost of these will vary somewhat with 
the catenary size selected, but not very much. 
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In all traction systems, tramway, trolley-bns, and railways, 
a question arises as to wdietlier consecutive lengtlis of trolley- 
wire or conductor rails should be connected across at feeder 
pillars or substations, as the case may be. There is a manifest 
advantage in connecting them, as there will be some savings 
in voltage drop and losses. On the other hand a fault on one 
length may cripple all the lengths with whicli it is in parallel. 
Such effects can be minimized or prevented by malving the 
connections tlnough suitable fuses or circuit -breakers. It is 
quite useful to be able to run a length of line with some of 
the substations cut out during light load hours; or whilst 
cleaning, etc., are in progress. On railways it certainly seems 
right to connect up the whole length of conductor between 
two neighbouring substations. The track-circuiting may 
determine whether this should be done; consecutive block 
sections must have impedance bonds between their ends ; and 
there is some limit to the traction current which such bonds 
can carry safely, also some limit to the paralleling of impedance 
bonds as regards the a.c. conductance which can be permitted 
from rail to rail. 

As an example of current practice, the distributing arrange- 
ments on the newly electrified lines of the Southern Railway 
are of interest. 

The information has been very kindly supplied by Mr. 
Alfred Raworth, the Electrical Engineer for New Works to 
that railway. 

The mercury arc rectifier and a general standardized spacing 
and lay-out have been adopted. 

The main transmission line at 33 kV. runs along tlie railway ; 
it is fed from C.E.B. substations and other sources as con- 
venient; there may be alternative feeds at each receiving 
centre. 

On double track lines the standard arrangement is shown 
in Eig. 7. 

Substations are 3-5 miles apart. Conductor rails are of 
1001b. per yd. section, of steel of about one-sixth the con- 
ductivity of copper, the resistance per mile, bonded, being 
0-03 ohm. The ''up'’ and "down" line conductors are fed in 
parallel through circuit-breakers at the two substations ; 
divided at the mid-point, and there paralleled through four 
circuit breakers and a tie-bar. Neighbouring sections are fed 
through circuit-breakers from the substation bus-bars, so that 
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all the conductor rails fed by a line of substations are in parallel. 
Thus on each length of 3*5 miles there are four sections of 
conductor rail, two^ on each track, normally all in parallel. 
The two running rails of each track have a resistance of 0-03 
ohm per mile. They are of lower conductivity steel. The four 
rails are connected in parallel through impedance bonds at 
tiie substations, and similarly bonded across at several points. 
The extent of this cross-bonding is limited by the requirements 



Fig 


7. Southern Railway Electrified Main Line — 
Standard Section 


of track-circuiting ; the rail-to-rail resistance to the a.c. signal- 
ling current must be sensibly higher than the resistance through 
the wheels and axles of a single vehicle. This hmitation also 
affects the extent to which the track rails of contiguous sections 
can be bonded into electrically continuous lengths. There are 
no rail voltage drop regulations. The railway communication 
circuits all have metallic returns. 

It will be seen that a short circuit on any one of the four 
lengths of conductor rail isolates that length by the tripping 
of the circuit-breakers at the substation and at the midway 
tie-bar. The maximum load of a 12-car train is about 4 400 
amperes ; the substation breakers are usually set at 6 000 
amperes and those at the midway tie-bars rather lower. Where 
there is a cross-over road, special arrangements of conductor 
rails and switches permit of by-passing an obstructed section 
by single line working. 

The maximum drop of voltage occurs when two 12-car trains 
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are passing at the mid-point of a section; it is then about 13 
per cent, a condition lasting only a few seconds. The substation 
pressure is 660 volts, and the train motor designed pressure 
is 600 volts ; hence the standard lay-out imposes no voltage 
drop appreciably detrimental to the train speeds. 

The substation equipments each consist of a mercury arc 
rectifier rated at 2 500 kW. d.c. output, with the necessary 
transformers and switchgear. They are remotely controlled 
from a few central points. No spare plant is provided, as the 
substations are in parallel on both the li.t. feed and the Lt. 
rails. They share the loads; any one of them can be cut out 
without interruption of supply; some are regularly cut out 
during light traffic periods, as well as for iiivspection and overall. 
There will eventually be 120 of these standard rectifier sub- 
stations in operation when the electrification schemes now 
authorized are completed. 

The capital and running costs are considerably lower tlian 
those of rotary converter substations ; routine attendance is 
only for periodical inspection and the like. 

Measurements over yearly periods of the substations now 
in service show an overall efficiency approaching 90 per cent 
from the feed to the li.t. lines to the substation d.c. output. 
There are no meters on the trains, but it is evident from the 
data given that the losses on the rail side of the substations 
may be of the order of 3 per cent to 5 per cent, a result achieved 
it may be noted, without using any auxiliary copper feeders to 
either the conductor or the track rails. 

No troubles due to electrolytic corrosion have been experi- 
enced. Although the rail drop and current density are both 
much liigher than those prescribed for tramways, this freedom 
from troubles may probably be credited to the fact that the 
running rails are on creosoted sleepers, and that the rail-to-rail 
resistance of each track has to be kept up by the requirements 
of track circuiting. Tramway rails, buried and seated on 
moist concrete, naturally make much better earth ; also they 
are near neighbours of numerous buried pipes, etc. 

Regenerative Control and Braking. This is another feature 
common to traction systems in general, but presenting different 
aspects in respect to railways on the one hand, and road sys- 
tems on the other. With regenerative control, part of the energy 
of a car or train which is descending a gradient, or is being 
decelerated, is returned to the line and used either to assist 
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cars or trains which are ascending a gradient, or accelerating. 
In both cases the motors acting as generators are in ojEfect 
brakes ; but the two conditions of descending a gradient and 
braking for stopping are of different magnitude and duration. 
Obviously a means of braldng which results in the return of 
some energy to the line instead of dissipating it in grinding 
brake block, wheels, or drums, thus w^asting the kinetic or 
gravitational energy in heat and wear, is economical. The 
most pronounced case for regenerative control arises on hilly 
routes, especially where the gradients are steep and long. If 
one car or train is descending such a gradient and another one 
is ascending it, the work done by gravity on the descending 
oar may be in part transferred to the ascending car, so reducing 
its call upon the source of supply. The action is analogous to 
that on a line worked by cable linking the descending and 
ascending vehicles. In the electric case the regained energy 
may be utilized on another section of the system, or returned to 
the supply mains, if there is no call for it from other vehicles. 

Gradients of a degree making tills mutual assistance scheme 
worth while are more common on tramw^ay and trolley-bus 
routes than on railways ; but there are some raibvays on which the 
saving has been one of tlie factors in determining electrification. 

Regeneration when braking for stops may be W'orth while 
on tramway and trolley-bus routes, where stops are several 
per mile, and it is pretty certain that there wdll be a car or bus 
starting near by. But it has not appealed to traction engineers 
for that purpose ; one reason being that regenerative braldng 
can hold a car to a safe speed on a falling gradient, but cannot 
stop it. So a mechanical brake of some kind must be provided. 

On switchback routes there is a real saving possible. It 
has been recently stated that on a hilly system of trolley bus 
routes in an English town the saving is of the order of 20 per 
cent of the energy used. Regenerative control is somewdiat 
costly. The electrical equipment is more complicated; and 
motors have to be of greater capacity, because going downhill 
they are working as generators, instead of having a chance to 
cool down. The maintenance costs are increased somewhat ; 
so it becomes a question of balancing the extra capital and 
working costs against the value of the energy and brake-gear 
wear saved, and, perhaps, safer operation. 

The introduction of the mercury rectifier tends against 
regeneration, because this apparatus is incapable of returning 
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regenerated energy to the supply mains. This difficulty may 
be got over by cross connecting the l.t. sections served by a 
rectifier substation, if the lay-out is such that descending 
vehicles on one side may help ascending cars on the other. 
That is a reason for inter-connecting sections, where such 
conditions obtain. There seems to be a possibility of using 
'‘grid controF' in the rectifier wlrich will make it able to return 
regenerated energy. No difficulty arises where the supply is 
through rotary converters. 

There is a considerable literature on this subject of regeneration 
which should be consulted by anyone interested in the matter. 

It is hardly necessary to point out that the adoption of 
regenerative control may have an important bearing on a 
distribution lay-out for maximum economy. 

Temporally Supplies. In most cases these are only “special 
cases'’ because the load occurs for short periods. Show yards, 
exliibition buildings, sports grounds and the like, may call for 
large loads for a few days j)er annum. Frequently such places 
are in “thin” areas, so that the permanent mains, etc., are 
inadequate for the temporary load. One way of providing for 
such demands is to have one or more portable substations on 
lorries or trailers, wnth transformers and switchgear. Then the 
only permanent provision necessary is a high-tension main 
terminated in a kiosk or street-box adjacent to the place. 
Such portable substations are useful for other purposes, for 
example for taking the place of a regular transforming sub- 
station during overhaul, changing of gear, and the like ; for 
giving an emergency supply to a factory where the engine or 
private plant has broken down; or for occasional flood-light- 
ing where the permanent distributors are insufficient for the 
temporary load. 

For seasonal illuminations, such as, e.g. those common 
along sea-side promenades, the main consideration is to employ 
material easily erected and removed, and able to stand exposure 
and handhng several times before becoming unfit for use. As 
the life of such material is likely to be short, low first cost is a 
consideration. A series-parallel arrangement of the lamps, 
i.e. groups of lamps in parallel, successive groups in series, fed 
at high-tension, avoids the use of large cables and the loading 
of the permanent l.t. mains ; besides affording facilities for 
independent switching and ensuring equality of voltage 
between the groups however long the string of festoons may be. 



CHAPTER XV 


LOAD, LOSS, FORM, AND DIVERSITY FACTORS 


The load factor of a distributing system, or of any portion 
thereof, in terms of the maximum load (kW.,„a*)j total energy 
dehvered (kWh.(„t„i), and length of the period under con- 
sideration in hours is given by equation — 


kWh. 


total 


^^^•7nax X hours 


— Load factor. 


It is usually expressed as a percentage; for example, an 
annual load factor is 


kWh.^,^^; X 100 
X 8 760 


= Load factor per cent, 


and for any other period the multipher of the maximum load 
in the denominator is the number of hours in the period, 168 
for a week, 24 for a day, etc. 

Another way of expressing the load factor is 

= Equivalent hours use of the maximum load. 

kW.^ 


This may be called a utilization factor, the number of hours in 
the period being understood. 

For estimates of copper losses the loads must be measured 
in amperes, which automatically takes into account power 
factor and voltage fluctuations. The load factor calculated 
from amperes and ampere-hours may not be identical with that 
calculated from kilowatts and kilowatt-hours unless the 
measurements are taken at a point where the voltage and power 
factor are constant. 

Knowledge of the maximum current and load factor are not 
sufficient to assess the copper losses in mains and transformers, 
because those losses at any time are proportional to the square 
of the current ; consequently the losses vary with different 
shapes of load diagrams which have identical load factors. 
But the load factor sets an upper hmit to the ratio of the 
losses to those pertaining to the average current maintained 
constant over the whole period in the same conductor. 
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Tliat maxinium occurs when the load factor is also the time- 
utilization factor ; i.e. if the load factor means that the maxi- 
mum current was constant for the fraction of the time denoted 
by the load factor, and no current passed during the remainder 
of the time : in other words, if the load diagram is a rectangular 
one based on the fraction of the time. For example, if the load 
is steady for 6 hr, per day and zero for the other 18 hr., the 
load factor is 25 per cent. The average current over the whole 
day is one-quarter of the maximum current. For a given 
conductor of resistance R ohms, calling the average current I 
amperes, the losses in watt hours over the 6 hr. are — 

(4/)2 X 6 - mPR, 

The losses in watt hours with the average current over the 
whole day would be 

PR X 24. 

i.e. the losses are four times as great for the 25 per cent load 
factor of a rectangular load diagram as for the average current 
delivering the same number of ampere hours at 100 per cent 
load factor. 

Similarly, for a 50 per cent load factor given by a load con- 
stant for 12 hr, per day and zero for the other 12 hr. The 
ratio of losses to those pertaining to the equivalent average 
load is 2. These ratios 4 and 2 respectively are the reciprocals 
of the load factors : they are also the mean squares of the loads 
taken over the whole period and are the maximum values of 
the loss ratios for load diagrams giving load factors of 25 per 
cent and 50 per cent respectively. Any other load diagrams 
having load factors of 25 per cent or 50 per cent will have lower 
loss ratios. In every case and for every load factor the loss 
ratio is the mean square of all the current values taken over 
the whole time. 

It was shown in Chapter III that the most economical 
current density in a given conductor is that which makes the 
value of the losses over a given period equal to the fixed 
(capital, etc.) charges which are directly proportional to the 
cross-section (or weight per unit length) of the conductor; 
and that such a density is readily calculable for a steady 
current, i.e. for 100 per cent load factor. The question arises, 
what current density referred to the average current will keep 
the copper losses equal in value to the fixed charges for any 
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other load factor? As just shown the last words should be 
''any other load diagram.” 

It has been shown that for a 25 per cent load factor rect- 
angular load diagram the losses are four times as great as those 
with the equivalent average load. If the conductor is doubled 
in section, the losses will be halved, i.e. they will be twice as 
great as those for the average current in the original conductor. 

Also the capital, etc., charges on the conductor will be 
doubled ; hence the required condition of equality of value of 
losses and fixed charges is reached. A similar calculation for 
the 50 per cent rectangular load will show that the divisor 
for the original 100 per cent load factor current density is 
1*414, i.e. the square root of the mean square pertaining to 
the load diagram. These are illustrations of the rule that the 
maximum divisor of current density (or multiplier of copper 
section) found for 100 per cent load factor is the square root 
of the reciprocal of the load factor. The minimum value for 
any load factor approaches unity, but only reaches that value 
for 100 per cent load factor. For example, if a load is constant 
over all but a few minutes of a day, but during those few 
minutes reaches four times the average, giving a load factor 
of 25 per cent, the losses over the day will be very little greater 
than if the average had been maintained at a steady value over 
the whole day. 

Loss Factor. The factor required to answer the question 
put above is the square root of the mean square of the ordinates 
of the load diagram. For any load diagram the mean square 
of the current ordinates is the multipher of the losses due to 
the average current in the same conductor. It may therefore 
be called the Loss factor pertaining to that shape of load 
diagram. The square root of the mean square is the divisor of 
the 100 per cent load factor current density for maximum 
economy to be applied to the average current in order to have 
maximum economy with the load diagram under consideration. 
That is usually known as the r.m.s. or form factor pertaining 
to the load diagram. Both factors are geometrical properties 
of the particular shape of load diagram in relation to the length 
of its time base ; i.e. the whole period of the load cycle. Once 
found for any shape of load diagram they can be applied to any 
other of the same shape, whatever the scales. 

The mean square of a diagram is obtainable by summing the 
products of each load squared and the time each lasts, and 

10— (T.42) 
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diriding the sum by the whole time. The process of squaring 
and summing is tedious, especially if a large number of dia- 
grams have to be dealt with. The work can be shortened by 
plotting the loads in order of magnitude, giving each a time 
dimension equal to the total number of hour's during which 
that load was experienced over the whole period. Then each 
load value has to be squared only once. It may happen that 
the outline of the stepped diagram approximates to a curve 
the equation to which is known, so that the mean square can 
be found without much trouble. 

A more radical labour saving device is to plot the load 
diagram to polar co-ordinates which does the squaring and 
multiplying automatically. The basis of this method is the 
fact that the area of a sector of a circle of radius r and included 
angle 6 is r^d, 6 being measured in radians. Hence the area of a 
load diagram plotted to polar co-ordinates is proportional to 
the sum of the products of the squares of the individual loads 
and the time duration of each. 

The procedure is as follows — 

Draw a semicircle with a radius which represents to a con- 
venient scale the maximum load. Divide this semicircle into 
convenient fractions representing units of time, the whole arc 
of 180° representing the whole time covered by the load 
diagram. If for a day, one hour will be represented by an 
angle of 180724 = 

Draw from the centre of the semicircle radii of lengths 
proportional to the loads on the same scale as that chosen for 
the maximum load, i.e, the radius of the semicircle. For 
example, if the first load was 100 and it lasted for hr., mark 
100 on the base of the semicircle, draw another radius of the 
same length towards the division 3*75° or half an hour and the 
arc joining them. (It wiU be convenient to mark out the 
semicircle in hours and fractions corresponding to the time 
divisions of the original load diagram or log sheet.) If the next 
load entered is 150, and it lasted 1 hr., prolong the second radium 
to 150 draw an arc of 7^° at that radius, i.e. to IJ hr,, and so on. 

Having completed ,the polar diagram, measure its area by 
planimeter, and call this area A. Since the area of the whole 
semicircle to radius r (the maximum current) is r2jr/2 ; 2A/r^ jr 
is the ratio of the actual copper losses to the losses which would 
be produced by the maximum load for the whole time. It is 
the load factor of the losses, a geometrical property of the 
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shape of the diagram, the area of which is a measure of the 
losses. 

If the fraction — 

Area of polar diagram 1 

Area of semicircle n 

and the maximum current is amperes, the mean square of 
the load diagram current is 

I^maxjn = mean square ; and the r.m.s. is Vi^^maxM 

that is, the current which maintained constant over the whole 
time would give the same PR losses as those pertaining to the 
actual load current. 

It may be noticed that if a recording ammeter chart is 
circular, the pen movement is radial and directly proportional 
to the current, and the zero is in the centre of the chart ; the 
area of the record gives the required data, a rather useful 
property of the disc chart. 

TABLE rV* 


Cumulative Time Load fob a Typical Day, Debived Load-eaotob, 
B.M.S. Losses (Ampbkes^ X Dubations) aistd Losses Load-faotoe 


Load 

Amperes 

Duration 

Hours 

i 

Ampere- 

Hours 

Amperes^ 

X Hours 

1 000 

0-25 

250 

• 250 000 

950 

0-50 

475 

451 250 

900 

1-00 

900 

810 000 

800 

1-25 

1 000 

800 000 

750 

2-00 

1500 

1 125 000 

600 

2-00 

1 200 

. 720 000 

500 

3-00 

1 500 

750 000 

400 

3-00 

1 200 

480 000 

300 

2-00 

600 

180 000 

250 

5-00 

1 250 

312 500 

200 

4-00 

800 

160 000 


24-00 

10 675 

6 038 750 


Average load . 

Load-foctor 

Mean square . 

R.m.s. .... 

Load-factor of (ohmic) losses 


445 A 
44*5% 

6 038 750 
U 
501-6 
6 038 750 
24 000 000 


= 251 615 


=- 25-16% 
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Table IV is an example of a ''Cumulative Time” load table 
for one day, which might represent an average day from a 
summation of the log readings of a number. 

Fig. 8a is the corresponding load diagram, and Fig. 8b the 
same load diagram converted to polar time ordinates, the 24 
hours being represented by a semicircle, 7*5° per hour. 

Table IV shows the arithmetical derivation of load factor. 



Cumulative Time for each value of load 

products of amperes^ X hours, and load factor of the ohmic 
losses. The total of the amperes^ X hours, and the consequent 
load factor of the losses, could be obtained by planimeter 
from Fig. 8b. 

In this example the load factor is 44*5 per cent, the average 
load 445 amperes (maximum 1 000), the mean square of the 
load is 251 615, the r.m.s. 501*6, and the load factor of the 
losses, 25*16 per cent. 

The load factor applies only to ohmic losses in a circuit of 
constant resistance. It would apply up to the first point at 
which the circuit branches, which might be the bus-bars of a 
station or substation, or the end of a feeder; and is for the 
phase on which the logged values were read. 

The load factor of the losses is a useful datum as an element 
in the cost of the losses and the generating plant needed to 
provide them. Examples have been given in Chapter III. 

In the foregoing discussion, "load” and "current” have 
been used rather as equivalent. Evidently for the purpose of 
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calculating copper losses, economical sections of copper, etc., 
the current in amperes is the quantity required. 

For the purpose of evaluating energy losses, the product of 
the mean square value, the copper resistance, and the time in 
hours gives the losses in watt-hours, and this product, divided 
by 1 000 in kilowatt-hours. 

The current-time diagrams for an untapped continuous 


m 


O C> 

C> O <51. 
00 


Area of complete half- circle 
represents 24,000,000 A^x hours. 

Area of segments represents 6,038,750 A^x hours, 
hence the load factor of ohmic losses ^25'16%. 
Mean square » 251, 615, 501-6. 



I § % ^ § § § % 

Amperes (Scale for Radii) 


Fig. 8b. Load Diagbam to Polab Time Oedinates 


current feeder free from leakage will be identical at both ends. 
With alternating current they may not be identical. In general 
the ampere-hours put into a feeder will be more than the 
ampere-hours delivered by it. Capacitance adds to the load 
a leading current in quadrature which is proportional to the 
voltage, i.e. is constant for constant voltage. Inductance adds 
a lagging current which is proportional to the load current. 
At a certain load the two effects may cancel out. In cables the 
capacitance predominates, in overhead lines the inductance. 
Neither effect is very important in short lines at moderate 
voltages, such as are found in most di.stribution systems. The 
charging or capacitance current may have other effects during 
light load periods when it is a sensible part of the whole current. 
These effects are outside the scope of this book. 

Voltage regulators at the delivery ends of feeders impose 
some current load on the feeders which does not appear in 
the output beyond the regulators. As this load is usually a 
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maximum at the peak loads it makes the maximum loss rate 
higher and the load factor of the losses lower, part of the cost 
of distribution which may be of consequence. This should be 
taken into account when deciding whether to make shift with 
a feeder which needs a regulator to maintain voltage at peak 
loads, or to put in a larger feeder (or to supplement an existing 
one) which mil need no regulator. 

The simple lines of calculations for copper losses, most eco- 
nomical section, or current density, as set out here and in 
other chapters, are subject to modification in application to 
large cables carrying alternating currents on account of skin 
effect and proximity effect. Skin effect increases the resistance 
beyond that measured with continuous current. Proximity 
effect is more complex, as it includes inductive effects. The 
single-conductor cables which are now used for 66 kV. and 
higher pressures are also not amenable to simple calculation. 
The currents induced in the sheaths add to the load currents ; 
how much depends upon the nature of the sheathing, the 
spacing of the cables, and the arrangements of the sheath 
bonding. The dielectric losses are not negligible and, as they 
increase with temperature, the safe loading of such cables is 
more definitely limited by heating than by other factors. 
Current literature will give some information, but experience 
is rather scanty as yet. Problems involving the use of such 
cables are usually presented in such form as : for the trans- 
mission of a load of M kVA. from point A to point B at a load 
factor of N per cent, what will be the most economical voltage 
t 3 rpe and size of cable ? 

This is a transmission rather than a distribution problem, 
but there are already several instances of such pressures being 
used in the first stage of distribution. One of the latest re- 
ported is in Chicago. A single-conductor oil-pressure cable 
line working at 66 kV. has been laid between one of the gen- 
erating stations and a substation, rated at 115 000 kVA. The 
conductors are of 1*65 in.^ cross-section, and the current rather 
over 500 A. per in.^. The heating effect is recognized by 
making the summer loading lighter than the winter loading. 
This is not the first application of 66 kV. cables in Chicago. 
The use of the oil pressure cable allows of higher loading and 
thinner insulation, so that the cables are of no larger outside 
diameter than solid’’ insulation cables of about half the kVA. 
capacity at the same pressure. 
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The cost per ton of copper” plays only a minor part in the 
design of works of the '^extra high pressure” class. 

Summarizing the elements for calculation in more ordinary 
cases of It. distribution, for a load diagram of any shape — 

{a) The mean square is the measure of the ratio of the copper 
losses to those which would pertain to the average current in 
the same conductor over the same period. 

(6) The ratio of the mean square to the square of the maxi- 
mum current is the load factor of the copper losses. 

(c) The square root of the mean square — ^r.m.s. or form- 
factor — ^is the measure of the constant current which would 
give the same copper losses as those due to the varying current 
shown by the load diagram. The ratio of the r.m.s. value to 
the average constant current which would give the same 
ampere-hours product over the same period, is the divisor of 
the most economical current density (or the multipHer of the 
conductor section) calculated as most economical for the 
aforesaid average current. 

{d) With the most economical current density for a varying 
current, the cost of the losses and of the capital charges due to 
the cost of the conductor calculated for the equivalent average 
constant current are both multiplied by the r.m.s. average ratio. 

(e) The foregoing statements (c) and {d) are only true if the 
cost of the losses is constant, and is that taken for the calcula- 
tion of economical density at 100 per cent load factor. The 
load factor of the losses is higher than that of the load current 
(excepting in the case of rectangular” load diagrams), and 
the maximum loss rate at the peak of the load is proportional 
to the square of the maximum current; hence the average 
cost of the conductor losses will generally be higher than the 
cost taken for the 100 per cent load factor calculation, so that 
a lower current density than that indicated in (c) and (d) may 
be advisable. With pronounced peaks in the load diagram, 
the copper section may be entirely determined by the heating 
or voltage drop at the maximum load times. 

Diversity Factor. This factor is the ratio of the total of a 
number of individual maximum loads to the aggregate maxi- 
mum resultant of their superposition. If the individual maxima 
are simultaneous, the ratio is unity; the diversity factor is 
then 1*0 which is its minimum value. If the total of the 
individual maxima is, say, 110 (kilowatts, kilovolt-amperes, 
or amperes) and the aggregate maximum is 100, the diversity 
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factor is 1*10, and so on for any other ratio. Diversity in this 
connection means diversity in the times of occurrence of the 
maxima of the component loads; its import in distribution 
problems is to define the ratio of maximum load capacity of 
substations, mains, etc., needed to meet the demands of 
consumers, assuming that their individual maxima are known. 

There is a relation between the load factors of individual 
loads and the possible diversity factor resulting from those 
loads. If any group of consumers (i.e. loads) have identical 
load factors, the maximum possible resultant diversity is the 
reciprocal of that load factor. That maximum can only result if 

{a) the load factors are ''period of use” factors ; and 
(6) the individual loads are equal and do not overlap in 
time. 

For example, if four consumers each use full load for 6 hr. 
per day, and no more, their load factors ai^e all 25 per cent. 
If each uses full load for a different six hours, none of them 
overlapping, the resultant load on a substation supplying 
them will be that of one consumer. If all four loads are equal, 
the sum of them will be four times the resultant, i.e. the diver- 
sity factor will be 4, the reciprocal of the individual load factors. 
If there were ten consumers each using full load for 2-4 hr. per 
day and no more, not overlapping, the individual load factors 
would be 10 per cent and the possible diversity factor 10. 

In general, the lower the load factor of any group (or class) 
of consumers, the higher is the possible diversity factor of the 
residtant. This has the very important consequence that the 
capital cost per kilowatt of consumers’ maximum demand 
tends to become a smaller proportion of the capital cost per 
kilowatt of the system demand, as the consumers’ load factor 
becomes smaller. In what degree the diversity factor will 
its maximum value for any consumer group having a 
common load factor is only ascertainable if the conditions are 
such that the individual loads and the aggregate loads of 
the group can be measured over a period. But some general 
ideas can be formed. Since low load factor implies a short-time 
use of maximum load, the probabihty of coincident maxima 
of individual loads diminishes with, but is not a characteristic 
of, the load factor. The probabihty that the maxima of a 
group of consumers whose chief load is shop window lighting 
will coincide on some winter day is high, though the individual 
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load factor may be quite low. On the other hand, the prob- 
ability that the maxima power loads of a group of factories will 
coincide is low, even though their individual load factors may 
be high compared with those of the shop windows, and that 
they all work during the same hours. The diversity among 
residential lighting loads is certain to be higher than that 
among shop window loads, though there may not be much 
difference between the load factors over a year. The diversity 
among different classes of loads has also to be considered. If 
any pair of loads of equal magnitude do not overlap in time, 
each of them only costs the fixed charges pertaining to half its 
maximum demand. If one had sufficient data about the uses 
made of different kinds of loads by different classes of consumer, 
the calculation of diversity factors would be an application of 
the calculus of probabilities. 

Experience, and measurement, combined with knowledge of 
the particular circumstances of use, will generally permit of a 
working approximation. The tendency in the past has been 
to underrate the effects of diversity, but with the greater 
attention now given to the subject, and the accumulation of 
experience, there is a better appreciation of its importance. 

Diversity implies a summation of loads. The load factor of a 
distributor as observed at a substation is a resultant of the 
load factor and diversity factor among the consumers it serves. 
The load factor of a substation is the resultant of the load 
factors and diversity factors of the distributors leaving the 
substation. The relation between the aggregate of the maxima 
loads on the several distributors and the maximum load on the 
substation defines the plant capacity needed in the substation 
in terms of the aggregate. Working back towards the generat- 
ing station, diversity between the demands on the substations 
has the effect of improving the load factor of the system, and 
of diminishing the proportionate generating capacity needed 
to meet the demands of individual consumers. 

It is clear that the mixture of loads of different classes, 
lighting public and private, industrial power, traction, cooking 
and heating, tends to increase the diversity factor, and to 
improve the load factor of a system as a whole, i.e. as viewed 
from the generating station or other source of supply. 

An evaluation of all the factors treated of in tliis chapter is 
essential to a complete cost analysis of any existing distribution 
system. Carried out in detail for each subdivision of the system, 



146 ECONOMICS OF ELECTRICAL DISTRIBUTION 

and applied to the relevant capital charges, costs of production, 
etc., it permits of the ascertainment of the cost of the energy 
delivered to and by that subdivision. It can be extended to 
find approximately the cost of supplying each class of load 
and each defined consumer group. That extension requires 
data &om measurements which it is not at present usual to 
make, but which seem to be well worth while making in 
sufficient detail to afford reasonably approximate average 
figures. 

The practical bearings of such analyses are (a) to detect 
opportunities for improving the economy of the system ; (6) 
to afford data for the design of extensions either of capacity 
or of area of supply ; and (c) to afford bases for the formation 
of tariffs applicable to consumers. 

Some of these applications fall to be considered in other 
places. 



CHAPTER XVI 
TARIFFS 

The subject of pricing supplies of electrical energy to consum- 
ers has been discussed from many points of view and over a 
long period. The economic principles of such price fiving are 
not different from those which govern the prices of other com- 
modities and services; but the conditions of consumption 
affect the cost of the service to a greater degree than in most, 
because the capital and other overhead costs are larger and 
are more affected by those conditions. 

In most countries there are legislative or administrative 
prescriptions limiting prices, with the object of protecting^ 
consumers from exploitation by the undertakers, justified in 
principle by the fact that the undertaker has been granted 
powers in excess of common law civil rights and has a more 
or less complete monoply of supply to the public within the 
area covered by the grant of powers. 

Here the common statutory provision, dating from the first 
Electric Lighting Act of 1882 , is that no preference may be 
shown as between consumers in like circumstances, a pro- 
vision which has important consequences. Another prescrip- 
tion of the same origin is that of a maximum price, fixed in the 
Act or Order granting the powers and liable to revision after 
certain procedure. There are also provisions affecting prices 
for bulk and special supplies in certain cases. It is needless to 
detail them: the undertakers subject to them know what 
they are. 

The most important operative condition affecting the costs 
of supply is that the undertakers’ plant, from generating 
station to the consumers’ services, must be capable of carrying 
the maximum demand which may be made upon it at any 
time. Hence a part of the capital charges involved in supply- 
ing any consumer depends upon the maximum demand he 
makes at any time, independently of the duration of the 
demand, and of the total energy consumed by him in a given 
period. A tariff based upon the cost of supply must have an 
element of capital charges, though that element may not be 
formally expressed in the tariff. The service cable, meter, 

147 
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etc., for each consumer entails capital and maintenance charges 
incurred exclusively for such consumer ; but working back- 
wards via the distributing mains, substations, h.t. feeders, 
etc., to the bus-bars at the generating station, the capital 
charges for each stage become divisible among an ever-increas- 
ing number of consumers. There are time differences in the 
maximum demands of consumers, so that beyond the indivi- 
dual services, and so forth, the correct apportionment of the 
total fixed charges upon the distributing plant depends upon 
the measure of simultaneity of the individual demands. The 
conduct of the whole number of consumers in respect to the 
time incidence of their maximum demands controls the average 
fixed charges cost per kilowatt of total maximum demands. 
The time distribution of the maxima is commonly expressed 
as the diversity factor. One result is that most of the distribut- 
ing plant can be designed for less than the total of the con- 
sumers’ maximum demands, as has been set out in detail in 
previous chapters. 

To determine exactly what every consumer costs under 
the heading of fixed charges is impracticable. 

To revert to common principles of price fixing, an essential 
condition for an undertaking to remain in a stably solvent 
condition is that the whole of the receipts shall at least equal 
the sum of the capital charges and of the working costs. How 
to make the price tariff do that, when the conduct of consumers 
— as well as their consumption — affects the costs, and to obtain 
all the business possible on remunerative terms, are the 
dominant problems of tariff planning. ''Obtaining all the 
business possible” requires that the tariff shall attract con- 
sumers of all classes, which means, inter alia, that it should be 
xeadily understandable by consumers, and give them some 
idea of what the service they desire will cost them. It must 
be reasonably equitable as between different consumers, and it 
must look equitable, not necessarily the same thing. 

The potential consumers of electrical energy in most areas 
may be divided into two main classes ; (A) those who require 
a supply for commercial purposes, where the cost is a working 
expense of the business ; and (B) those who require a supply 
for domestic purposes in their homes. 

This division is not based on the use made of the supply of 
energy, but on the two objects in view : commercial gain on the 
■one hand; home comfort and convenience on the other. 
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{a) Commercial Tariffs. The potential manufacturing con- 
sumer considers the terms offered to him from the same point 
of view as he considers tenders for the supply of raw material,, 
he compares the terms with those upon which he can obtain 
equivalent service, i.e. competitively. The possible com- 
petitive agency may be a power plant of his own ; he will 
make or obtain estimates of the capital cost and running 
expenses ; he will (or should) take into account the occupation 
of site or buildings, the incidentals of having a power production 
department added to the manufacturing departments, and to 
the sinking of capital which might otherwise be “working 
capital’’ of his business. 

In most areas of supply in this country there are or may be 
factories and the like large enough to make the setting up of a 
private plant practicable. To obtain such a consumers’ busi- 
ness the supply undertaking is virtually in competition with a 
private plant proposition. That will fix the maximum terms 
upon which the business can be secured. But as it is the pros- 
pective consximer who makes the comparison and puts his own 
value upon some of the items on both sides, the undertaker 
cannot usually know what terms will prevail against a private 
plant proposition. The “no-preference” principle comes into- 
operation. If one factory owner gets certain terms, those 
terms cannot be refused to others “in the like circumstances.” 
The “circumstance” that the first is in a position — or professes, 
to be — to put in his own plant is not one which a Court would 
be likely to consider as a good reason for refusing similar 
terms to others not so well placed. 

A large manufacturer being accustomed to analyse costs 
and the incidence of overhead expenses, will probably ap- 
preciate the propriety of making load factor an element in 
the tariff; so that a tariff for manufacturing uses with a 
load factor or maximum demand element will be acceptable, 
and if soundly based will be remunerative even for smaller 
manufacturers. 

It would certainly be an unlike circumstance that a large 
consumer pays for kilowatt-hours at high-tension, while 
another pays for kilowatt-hours at the general distribution- 
voltage; or that one has an “off peak” load and another no 
time restrictions. 

For some industrial processes electrical energy comes into- 
direct competition with other agents, coal, gas, oil, etc.: especially 
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is this the case where heating processes are concerned. On 
the hare cost of gross thermal capacity, electrical energy from 
steam-driven stations cannot compete with such fuels. The 
advantages of adaptability, efficiency, cleanliness, close and 
automatic regulation of temperature, and so forth, have money 
values which are not easy to assess without actual trial, but 
have been proved to be substantial in many cases. Where 
an attractive load is in prospect there may be a temptation to 
offer terms which approximate to the 'Hherms” costs of com- 
petitive agents. That temptation should be resisted. Tariffs 
should not fall below costs when all the conditions of service 
are fairly assessed. In the long run it is not to any one’s interest 
that a less economical agent should be preferred over a more 
economical one. Any consumer charged below cost is, in effect, 
subsidized by others. That applies all round, not only to 
industrial consumers. 

Large hotels, theatres, kinemas, and the like may also be 
in position to install their own plant ; but the conditions of 
consumption are sufficiently diverse from those of factories as 
to justify other terms, unless the load factor or maximum 
demand rate takes adequate care of such differences. 

The shopkeeper also has to look at the terms offered from the 
point of view of business costs. In his case the cost becomes of 
the nature of an overhead charge, not of a ''per unit ” addition 
to the cost of the goods he sells. There is no effective com- 
petitive agent as regards internal shop lighting; the shop- 
keeper must have it. (That is probably also true as regards 
external shop lighting.) But he is a keen bargainer ; he would 
not be a successful shopkeeper otherwise. He is resentful of 
rates higher than those charged to other classes of consumers. 
As a class shopkeepers often wield a good deal of influence 
with local authorities, and make use of it. Shop lighting has a 
poor load factor, its maximum demand often coincides with the 
annual peak — sometimes it makes the annual peak; and it 
should be charged accordingly. The maximum demand system 
is logically suitable, but it is not popular. But some form of 
special tariff is necessary for the business to be remunerative 
to the undertaker. A fixed charge per 100 watts of connected 
lighting load has considerable vogue. If that charge is properly 
assessed, the consumption charge per kilowatt-hour can be 
very moderate ; it is an advantage to make it the same as the 
Idlowatt-hour rate in a current two-part tariff for domestic 
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consumers. That should encourage electric heating and cooking 
(if the shop runs a canteen or restaurant) as well as the use of 
small motors, fans, etc. Special off-peak” rates for display 
lighting after closing times are attractive to some trades. 

(6) Domestic or Residential Tariffs. There has been more 
controversy and more diverse practice about charges for domes- 
tic consumers than about any other branch of electricity supply 
commercial policy. The number of tariffs and the range 
of rates are bewildering. Potentially, domestic consumption 
is of enormous magnitude. Actually the consumption is 
limited by the consumers’ means. A potent restrictive operator 
is the cost of wiring and appliances. The less well-to-do, i.e. 
the majority, are not able to make relatively large cash pay- 
ments for such things. These people have to be assisted by hiring 
and hire purchase schemes which substitute periodical instal- 
ments for lump sum payments. Such schemes are strictly 
outside the scope of this work. They involve the undertakers 
in capital costs beyond those pertaining to supply. The terms 
should be such as to cover the resulting charges. It may be 
said that any adverse balance on this account may be regarded 
as a cost of getting the business, and charged as a sort of 
''advertising cost” against the profits from supply. For what 
it is worth the author’s opinion is that the argument is of 
doubtful validity. As a practice of honest accountancy the 
costs of the assisted installation business should be kept and 
shown separately. The matter is not of small relative import- 
ance. In many cases the capital involved in a consumer’s 
installation is of much the same order as the capital employed 
in supplying him. Properly priced and accounted for, instal- 
ment payment facility is a perfectly proper way of obtaming 
the business ; the initial capital ought to be redeemed out of 
the hire charges within a few years. 

Generally, in this country, every consumer within easy 
reach of the mains is entitled to require a supply and the under- 
taker has to give it. The undertaker camiot charge more than 
the statutory flat rate, but may charge for a‘ minimum of 
(usually) 20 kWh. per quarter at that rate, even if nothing has 
been consumed. Lighting is the primary requirement. It has 
convenience and amenity values over lighting by any other 
agent that outweigh considerations of cost ; though nowadays 
electric lighting is as cheap or cheaper than other agents. 

Domestic lighting has a poor load factor ; many domestic 
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consumers are not remunerative as long as they are only 
lighting consumers, even at the statutory maximum price. 
(This is not to say that as a class domestic lighting consumers 
are not remunerative at the statutory rates or even much 
lower rates, but there are always some with load factors of the 
order of 5 per cent or less who cost more to supply than the 
flat rate or the minimum charge.) 

The poor load factor of lighting is partly compensated by 
a considerable diversity factor among the consumers. Experi- 
ence shows that the collective load factor of large groups is 
of the order of 10 to 12 per cent. A flat rate calculated to be 
remunerative for a consumption with that load factor will 
usually be below the statutory maximum rate, and will attract 
a good many consumers. But it is not economically satis- 
factory to get no more than a 12 per cent ‘'utilization factor” 
of the undertaker’s plant. Electric heating, cooking, water 
heating and similar services, have considerable amenity 
advantages for domestic use, but at the lighting flat rate are 
more expensive than other agents, and beyond the means of 
the majority. They constitute a far larger potential consump- 
tion than lighting, a strong incentive to the undertakers to 
devise tariffs which will secure such loads and be within the 
means of the consumers. 

Cooking, water heating, and electric fires produce much 
larger loads per consumer than lighting. But the diversity 
factor is also much larger. The aggregate load factor of a 
number of consumers with cooking, etc., appliances is con- 
siderably higher than with lighting only. Also the time 
incidence is such as to even up the daily load curve; the 
peaks do not coincide with those of other classes of loads, not 
even with that of domestic lighting. Hence a lower overall 
rate than the lighting is at once commercially justifiable and 
necessary to attract the business, 

The maximum demand tariff is not suitable for domestic 
consumers. It does not take account of the diversity among 
consumers, or of the time incidence of the maxima loads, and 
it tends to restrict the connected load. When it was first intro- 
duced, practically all loads were lighting loads ; the diversity 
factor was not high, most people made their maximum 
demands at about the same time. It did rough justice between 
consumers, and had a considerable measure of success in 
encouraging more generous use of the service. Consumers who 
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understood the system and could control their loading condi- 
tions found it advantageous. But understanding was not 
general, and the average consumer did not like it. There was 
the cost^ of the demand indicators, the additional readings and 
calculations for billing, additional ^questioning of accounts by 
consumers ; so the system has dropped out of use for domestic 
consumers generally. But it remains for large scale use, such 
as industrial and bulk supply, as the nearest approach to an 
equitable system for them. 

The principle that any tariff should include an element 
covering the capital and fixed charges involved in serving each 
consumer is difficult to apply in the case of domestic consumers. 
But as it is desirable that the charge per kilowatt-hour con- 
sumed should be low in order that other than lighting appliances 
should be installed and freely used, it is necessary to have some 
way of securing the fixed charges ; the real problem of domestic 
tariffs is to find the best way. 

Most of the methods in use are some form of two-part tariff. 
A fixed amount per quarter is charged and the consumption is 
charged at so much per kilowatt-hour ; the sum of the two is 
the amount of the consumer’s bill for the quarter. A very 
widely used basis for the fixed charge is the rateable value of 
the house. Another is the floor area, or the number of the living 
rooms, or some other dimensional factor. Sometimes the charge 
is assessed upon a basis not stated after inspection ; presumably 
rough justice is aimed at. One basis which has been suggested 
— but not much used, if at all — ^is the connected fighting load. 

None of these is a rational method of assessing what each 
consumer costs the undertaker in fixed charges ; all are open 
to criticism on the ground of fairness as between consumers. 

The rateable value basis is the favourite with local authority 
undertakers ; a dimensional basis with companies. 

The consumers’ attitude to those fixed charges is that in a 
sense they mean paying for nothing, but in practice they are 
not very much concerned about that if {a) the fixed charge is 
moderate, and (6) the total cost of the service vdll be within 
their means. 

A consumer who has only fighting wiU possibly see that a 
two-part tariff offered him will increase his quarterly bill as 
compared with the flat rate at which he has hitherto been 
charged. He will not change over unless he wishes, or is 
persuaded, to adopt cooking, heating, etc. 

II — (T.42) 20 pp. 
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Consumers of the weekly wage-earning class dislike period- 
ical bills. They are extensively catered for by prepayment 
meters. Great ingenuity has been spent on the design of 
prepa37ment meters which collect fixed charges, including 
those for wiring, hire of appliances, and so on. Such meters are 
necessarily more expensive in first and maintenance cost than 
plain kilowatt-hour meters with a prepayment attachment, 
but they are in successful use. It may be taken as proved 
that for the wage-earning classes prepayment meters are 
essential. 

Two-part tariffs have succeeded in obtaining large accretions 
of domestic load, despite the more or less valid objections to 
the basis of the fixed charge element. The degree of success 
depends upon the facilities offered for acquiring appliances, and 
the quahty of ''salesmanship” employed in persuading people 
to try new tilings. It is interesting to notice that where success 
is most marked, the load curves of the undertakings have 
been altered for the better. In some areas the peak load has 
shifted to Sunday mornings, dinner-cooking time. 

Less common in this country is the block tariff. For the first 
block (kilowatt-hours per quarter or other period), the kilowatt- 
hour rate is a maximum, decreasing with successive blocks to 
some minimum. The size of the block at each rate is fixed for 
each consumer, on some estimate of his maximum demand. It 
is really a kind of maximum demand system, but based upon 
an estimate instead of an actual demand, and not open to some 
of the objections to the use of the actual demand ; e.g. the 
payment is not put up by an occasional high load, or by 
additions to the appliances installed. 

In principle the block system is far from being equitable, 
but it seems that it can be made reasonably fair in practice by 
taking account of the load characteristics pertaining to distinct 
classes of consumers. Some awkward questions about "prefer- 
ence” seems possible under the system. The system is rather 
widely used for domestic consumers in the United States. 
The North Eastern Electric Supply in this country is reported 
to have introduced it in place of a two-part tariff for similar 
classes. Usually the kilowatt-hour rate for the first block is 
the lighting flat rate. The minimum rate corresponds to the 
consumption rate for a two-part tariff. The fixed charges 
element of the costs is met by the excess over that rate of the 
earher block rates. Evidently the extent to which the tariff 
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meets the requirements depends upon the accuracy with which 
the demand costs have been forecast and the estimate embodied 
in the tariff. 

All these methods of assessing and collecting the fixed charges 
are open to the criticism that they are arbitrary and cannot 
do more than rough justice’’ as between consumers. On 
first principles, any tariff whatever that has the effect of 
charging some consumers less than they cost, and charging 
others more than is needed to make them remunerative to 
the undertakers, is detrimental to the business. It encourages 
the less and discourages the more remunerative classes. But 
it is impracticable to determine what each domestic consumer 
costs. It is practicable to make an approximate estimate in 
many cases of large consumers of the commercial classes. 
Getting the business of such consumers on remunerative terms 
often depends upon the accuracy of such estimates, as has 
been pointed out above. 

It is possible to make a fairly good determination of what a 
particular group of consumers has cost in a given period, by 
measurements of input to the substations and distribution 
mains serving the group, including the load curves of the group, 
and comparing the measurements with the aggregate meter 
readings of the group. Additions to the capital charges of 
distribution for meter readings, clerical work, etc., are readily 
made. From such measurements it is possible to work out flat 
rates which are correct for different classes of consumers, 
i.e. they will in the aggregate cover all the costs and charges 
applicable to each class. 

It seems to the author that this is reaUy the best kind of 
tariff for domestic consumers, and is applicable to other classes 
whose load characteristics have been ascertained. The difficulty 
of application lies in determining how to define the class to 
which each individual belongs. O^n the whole the proportions 
of connected load of different kinds seems the most practicable 
and the most equitable way. Reasonable ratios per kilowatt of 
lighting, cooking, fires, and water-heating with and without 
storage, seem to be attainable. If any kind of hmitation of 
load at peak periods is adopted, that can be allowed for in the 
rate. This procedure amounts to considering each ''class” as 
one large consumer and fixing a rate which takes account of the 
aggregate load characteristics as if they pertain to that entity. 
Obviously it gives an average ; so some individuals of the class 
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may be over-charged and some under-charged. But that 
criticism applies to every method ; most forcibly to a uniform 
flat rate tariff. 

The system of classified flat rates would obviate the objec- 
tions to fixed charge payments, simplifycl erical accounting 
labour, and simplify also prepayment meters. It does not 
secure perfect equity as between individual consumers, but 
can be made equitable as between different classes, which is as 
near as is practicable for the small consumers’ classes. It is not 
known that it has been tried in its entirety anywhere. But the 
necessary measurements have been made and the results 
published in certain cases, as noticed in a preceding chapter. 
Apparently some applications are being made, but rather by 
way of classified block tariffs than by classified flat rates. The 
overall results are much the same; the equity as between 
different consumers depends upon the accuracy of the assess- 
ment of the demand element in the application of the particular 
block scale to each. 

An attractive idea is a uniform fiat rate for all domestic 
consumers. That is being tried by a few undertakings and 
seems to have been successful, attractive to consumers and 
remunerative to the undertakings. 

Such a tariff can make no claim to equity, but may not stray 
far from it if all consumers have nearly similar load charac- 
teristics. Obviously it would so stray if applied to, say, city 
offices on the one hand with little more than lighting load, 
and residences with cooking, water-heating, fires, and such-like 
equipment on the other. It is possible that in this country we 
shah, come to uniform flat rates for domestic consumers. They 
can hardly be uniform in populous and in thin areas. 

It has often been said that equity in supply tariffs is not of 
importance. Doubtless when a tariff, however based, is so low 
that a generous consumption results in charges well within the 
means of all domestic consumers, relative equity ceases to 
interest them. But the commercial class may well complain 
if they think that they are being over-charged for the benefit 
of residential consumers. 

The measurement of loads, inputs, and outputs at each stage 
of a distribution system is necessary to keep watch over its 
detailed efficiency, and to show where changes are necessary 
to meet changed conditions. It should be standard practice — 
too much neglected hitherto — and afford a proper basis for 
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comparison with the sales revenue obtained from each portion 
of the area ; and for a classified or other tariff designed to put 
costs where they belong. That is the practical commercial 
meaning of equity’’ ; it cannot be lightly ignored. 

The commonly used criterion of '^generating costs per unit 
sold” puts the cost of distribution losses to the account of 
generation— or of "energy purchased,” which is defective 
accountancy. Unless there is accurate knowledge of all dis- 
tribution costs and charges, and of their locations, an essential 
element for the guidance of commercial policy is missing. 
For example, to offer close terms for a specially large supply 
which involves additional mains, substations and the rest, 
requires that knowledge in order to make a reasonable forecast 
of the cost of giving the supply. It is equally important (and 
often more difficult) to forecast the results of promoting 
cooldng, etc., loads in an area which has had a predominantly 
lighting load, as regards the additions to the distributing 
plant. 

The estabhshment of the C.E.B. Grid is altering the basic 
term of supply costs from "per kilowatt-hour at the station 
bus-bars” to "per kilowatt-hour at the C.E.B. dehvery point” ; 
and as that cost is standardized for each area in a demand and 
consumption tariff it gives a more stable basis. Consequently 
distribution costs become relatively more important in the 
framing of tariffs, and there is no longer the necessity to con- 
sider the cost of providing new generating capacity to meet 
new loads. Instead of that one has to take into account the 
known rate per kilowatt of maximum demand in the area 
tariff in relation to the estimated change in the load character- 
istics of the system. Extensions of a "selected” station do not 
involve added capital charges to be met solely from the con- 
sumers of the undertaking owning the station. This gets rid 
of the aforetime embarrassing "saw-tooth” curve of capital 
charges per kilowatt-hour, rising at each increase of plant, 
falling as the output grew up to the increment. 

The tariff for supplies to tramways, trolley-bus fines, rail- 
ways, etc., is often a subject of prolonged negotiation, even of 
controversy, between the electrical and the transport commit- 
tees of municipalities. 

Where the transport undertaking is in a position to set up its 
own station, the costs of supply from that station provide a 
datum for the maximum tariff acceptable to the purchaser. 
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There is likely to be some difference in the estimates made by 
the two parties. If they are reaUy independent, probably each 
party keeps its estimate details to itself. In this country the 
question whether a new station (or an extension to one existing) 
should be set up by the transport authority, is ultimately 
decided by the Electricity Commissioners who are in a good 
position to evaluate the estimates and arguments of the two 
parties, from the point of view of the general public interest. 

But the minimum terms which a supply undertaking can 
safely offer to a transport undertaking are not dependent upon 
the ciccumstance that the latter can alternatively set up its 
own plant. 

The technical peculiarity of a transport load is that it must 
have a separate terminal distribution system, the capital and 
working costs of which are its own affairs, so to speak. Hence 
the transport undertaking as a customer compares with any 
other taking a supply in the form, three-phase, high-tension, 
etc., at which the general distributing system connects into 
the transport system. The cost up to that point is the true 
comparative basis for an offer of traction energy. In British 
practice, the arrangements between supply and traction under- 
takings offer all possible variations, from the supply being 
delivered at station bus-bars, to delivery at the low-tension 
traction feeders. There are similar (but not always corre- 
sponding) variations in the ownership and responsibility for 
maintenance of high-tension feeders, low-tension feeders, 
substation equipment and the like. There are some municipal 
examples of the whole traction electrical equipment, including 
the trolley wires and poles, being provided and maintained by 
the supply department. Necessarily the different rates per 
kilowatt-hour charged to the transport undertakings under 
these widely varying conditions cannot be directly compared. 
A kilowatt-hour dehvered to a traction feeder at 600 volts is 
not reaUy “the same article” as a kilowatt-hour delivered at 
6*6, 11, or 33 kV. at either the input or the output end of h.t. 
feeders. Nor is it the “same article” as the kilowatt-hour 
delivered at the meters of consumers on the general system. 

In the author’s experience, supply engineers are inclined to 
under-rate the diversity factor between a traction load and a 
general system load ; they tend to regard the load factor of the 
traction supply by itself without making due allowance for 
that diversity, which is usually quite considerable. 
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^ Tliat is nothing unusual; general experience is that the diver- 
sity factor of a new class of load with reference to existing 
classes is larger than was estimated in advance. Even the 
internal diversity of a new class is often higher than was 
expected. An outstanding example is cooking load, which in 
general has an internal diversity factor approaching ten. 

Street lighting is a load the characteristics of which are 
defined by the lighting hours schedule specified by the highway 
authorities. It is usually an addition to the winter peak load 
and involves full costs per kilowatt as the demand element in 
the tariff, but as it has a high annual load factor the overall 
charge per kilowatt-hour can be low. Some part of the distrib- 
uting system has to be special ; generally the supply under- 
taking has to provide this. The provision of posts, lanterns, 
lamps, and their maintenance, may be wholly or partly in the 
charge of the supplier ; these items have to be added to the 
costs and charges of the energy consumed. The rates cannot 
be directly compared with the rates charged to ordinary 
consumers. 

Enough has been said to indicate how rates for different 
classes of consumption should be calculated in order to meet 
the fundamental principle that they should cover the specific 
costs referred to each class, with such margin as prudence 
dictates. It is assumed that some ‘'^profit’’ element is included 
in the fixed costs allocated to each class. The margin of prudence 
should depend upon an estimate with allowance for future 
changes in costs, and not more guesswork than is unavoidable. 
It may include an estimate of ''what the trafSc will bear,” 
but departure from equity is likely to prove restrictive in 
obtaining business. A definite limitation to such additions is 
provided by statutory or regulative maximum prices — ^which 
may be below the cost of supplying some consumers — and also 
by the "no preference” principle. 

It is hardly necessary to deal specifically with bulk supply 
tariffs. In this country these are generally prescribed by the 
relevant Acts and Orders, including the particular case of 
supply to and from the O.E.B. at "selected” stations. It will 
serve no useful purpose to discuss here the questions which 
have arisen between the O.E.B. and the owners of selected 
stations. These are subjects rather outside the scope of dis- 
tribution economics, although the rates set certain values which 
have to be taken into account in basic costs. 
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A form of bulk supply tariff foreign to British practice is 
that known as au forfait. This is a contract demand tariff, 
so much per annum for a demand of up to so many thousand 
kilowatts. It is used for supply from hydrauhc power sources 
where the running costs are unimportant compared to the 
fixed charges; mainly capital charges, including those on 
transmission lines. The purchaser has to pay the contract 
price irrespective of consumption. If his demand exceeds the 
contracted load, he has to pay for the excess at some kilowatt- 
hour rate. Frequently he has no right to exceed the contracted 
demand, or may only exceed it by special arrangement. 

Every case of this kind has its special features. In some 
coxmtries there are legislative provisions governing the tariffs, 
wliich may be embodied in the terms of the concession of rights 
to utilize the water power. Outside such provisions the 
determination of the rate per kilowatt which will pay the 
operator of the power source is a fairly simple matter if the 
extent of the market is known. To estimate what that extent 
wiU be, and what tariff the market will be able to bear, may 
involve some intelligent guess-work about future conditions. 



CHAPTER XVII 
SUMMARY 

In the foregoing chapters the author has tried to show— 

(1) Given certain data of prices, costs of installation, money 
interest rates, lives of the elements of a distributing lay-out ; it 
is possible to design a most economical lay-out to suit a given 
area and distribution of loads having given load characteristics. 

(2) In an existing system, it is possible by practicable methods 
to analyse the costs and charges pertaining to the various sub- 
divisions of the system, in such a form as to show: {a) whether 
and how the overall economy of the system can be improved ; 
and (6) what are the actual costs involved in supplying parti- 
cular areas and particular classes of consumers in such areas. 

(3) In a prospective system (which includes extensions of an 
existing system, or provision for increased loads in some or all 
parts thereof), there is an element of speculation as to the 
magnitudes, rates of growth, and load characteristics. Intelli- 
gent consideration of available statistics of comparable districts 
will give some guidance for such speculative estimates. In any 
case calculations can be made for assumed definite conditions, 
from which some limiting values and the variation of costs on 
either side of the most economical lay-out for given loads, or the 
most economical loading for a given lay-out, can be calculated. 
The order of accuracy of such calculations is not the same for 
all parts of the equipment, but is fortunately highest for such 
elements as mains which cannot be readily altered in future. 
Hence the variables for trial calculations can include various 
rates of growth of load ; and therefore the period of time for 
which it is economical to make provision. 

(4) The calculations aforesaid will give the aggregate costs 
(a) per mile at each operating voltage ; (6) after each step of 
voltage transformation ; (c) for each assumed load curve on the 
particular part of the system; {d) therefore for any specific 
load of which the load characteristics are known or calculable. 
Limits for variations in the load characteristics can be calculated. 

(5) The most difficult element to forecast is the combined 
effect of individual consumers’ loads upon the load character- 
istics of sections of the system. The diversity factor effect is 
particularly important. The diversity factor of a section as a 
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general rule is some inverse function of the average load factor 
of the consumers served by it. In the limit it is precisely the 
reciprocal of that load factor; a limit reached when all con- 
sumers have identical maximum loads and such load-time 
curves that the aggregate load is a constant. A rare condition, 
but the appropriate lay-out to meet it is a useful datum. 

(6) Applying (4) and (5), a useful datum can be obtained for 
any proposed lay-out by calculating its economical loading at 
100 per cent load factor; that defines the most generous 
provision of cables, etc., for the assumed load. The smallest 
practicable provision for the same load is that at which the 
voltage variation reaches the permissible limit ; or, the cable 
sections, and so forth, which will reach the permissible temper- 
ature at that load. The heating limit involves duration of the 
load, or, rather the load curve over a complete cycle. Whether 
the voltage drop or the heating sets a limit depends mainly 
upon the length of main carrying the said load. In the parti- 
cular case of cable loading it is simple to obtain a standard 
most economical current density for 100 per cent load factor 
and to make a proper deduction for any lower load factor. These 
values may have to be modified for either or both voltage drop 
or heating; it may be more economical to compensate for 
voltage drop by some form of regulator than to use a larger 
cable. These considerations are set out in more detail in the 
appropriate chapters. The economical choice of transformer 
capacity is more complicated than that of cable capacity. 
Fortunately, any deviation from the estimates on which the 
original choice was based can be more cheaply met by changing 
the transformers than by alterations to cable sections. 

(7) The most expensive portion of a distributing system 
consists of the mains delivering at the consumers’ voltage. 
In them the hmiting factor is almost always the permissible 
voltage variation, a product of current and distance, i.e. the 
aggregate of amperes X yards from substations to the most 
remote consumers. The load capacity of an existing l.t. net- 
work can be increased by feeding it at more frequent intervals 
with a transformer at each feed point. This and the extension 
of a h.t. feeder to the added transformers is usually less 
expensive than adding to the l.t. cables. 

(8) Increase of load in an existing system may tend to 
overload the h.t. network. The provision of an extra-high- 
tension system feeding into the eTxisting h.t. network at or near 
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load centres is often the most economical way of increasing 
the h.t. system capacity. 

(9) In regard to tariffs, the calculations and measurements 
mentioned in paragraphs (1) to (6) provide data for the costs 
of supplying defined classes of loads, i.e. of consumers, therefore 
of what terms can be offered, or what tariffs formulated. When 
the load magnitudes and characteristics are known, such 
terms and tariffs can be arranged to match the overall costs 
with close approximation. A maximum demand tariff is 
suitable for large industrial consumers and will not be unaccept- 
able to them in general. For the more detailed formulation 
the last preceding chapter should be consulted. There is a 
large literature on the subject for any one who wishes to go 
more deeply into it. It is not sound, in the author’s opinion, 
to have any tariff which charges less than the overall costs of 
supplying any class of consumers. It is inevitable, however, 
under British laws that some (generally small) consumers 
may be undercharged. It is good business to persuade such 
consumers to become larger ones. 

The fixing of tariffs is not an exact science. As in most other 
businesses there is a range of prices which yields about the 
same net revenue. But the electricity supply business differs 
from most in that there are certain limitations imposed by the 
powers that be; and that there are competitive agents for 
considerable fields of utilization. 

There is also the well-founded idea that it is in the pubHc 
interest that the supply should be available at prices within 
the means of all potential consumers ; that the business should 
be considered as a pubho service; and that the incentive of 
profit-making should be directed to secure large output at 
moderate profit, rather than the converse. 

The author abstains from entering upon the thorny con- 
troversy about the relative merits of public authority and 
private enterprise in securing the desired results. That has 
been dealt with in other quarters and remains for decision on 
grounds by no means entirely economic in the specialized sense 
in which matters have been discussed in this book. 
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Hall, M.I.Mech.E., and B. Fairfax Hall, M.A. . . * 
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PITMAN*S TECHNICAL BOOKS 


CHEMISTRY, PHARMACY, ETC. 

Dispensing for Pharmaceutical Students. By J. W. Cooper, s, d. 
Ph.G., and F. J. Dyer. Sixth Edition, Revised and re-written 
by J. W. Cooper . . . . . * . . 8 6 

*Latin for Pharmaceutical Students. By J. W. Cooper and 

A. G. McLaren. Third Edition . . . . . .60 

Pharmaceutical Chemistry, Practical. By F. N. Appleyard, 

B. Sc. (Lond.), F.LC., Ph.G., and G. G. Lyons. Third Edition 6 6 
Pharmaceutical Chemistry, Theoretical. By G. G. Lyons, 

M.A., Ph.D. (Cantab.) 12 6 

Pharmacognosy, Textbook of. By J. W. Cooper, Ph.G., and 
T. G. Denston, B.Pliarm,, Ph.G. With illustrations and drawing 
notes by M. Riley, A.T.D., and D. W Shaw, B.Sc., Ph.G. 

Second Edition . . . . . . . . 18 o 

Tutorial Pharmacy. By J. W. Cooper, Ph.G. Third Edition . 17 6 

Volumetric Analysis. By J. B. M. Goppock, Ph.D., B.Sc., 

A.LG., and J. B. Goppock, B.Sc. (Lond.), F.LC., F.C.S. 

Third Edition ......... 3 6 

PLASTICS 

Artificial Resins. By J. Scheiber, Ph.D., and Kurt Sandig. 

Translated by Ernest Fyleman, B.Sc., Ph.D., F.LC. 

Cellulose Lacquers, The. By S. Smith, O.B.E. 

Processes and Machinery in the Plastics Industry. By Kurt 
Brandenburger. Translated by H, 1 . Lewenz, M.LMech.E. . 

METALLURGY, FOUNDRYWORK, ETC. 


Aluminium and Its Alloys. By N. F. Budgen, Ph.D., M.Sc. . 150 

Electroplating. By S. Field, A.R.C.Sc., and A. Dudley Weill. 

Third Edition . . . . . . . . .126 


Engineering Materials. By A. W. Judge, Wh.Sc., A.R.C.S. 

In three volumes — Vol. I, Ferrous, 30s. ; Vol. II, Non-Ferrous, 

40s.; Vol. Ill, Theory and Testing of Materials, 21s. 

Metal Work, Practical Sheet and Plate. By E. A. Atkins. 

M.Sc., M.LMech.E., M.LW. Fourth Edition . . .76 

Metallurgy OF Bronze. By H. G. Dews . . . . 12 6 

Metallurgy of Cast Iron. By J. E. Hurst . . . .150 

Metals and Alloys, The Mechanical Testing of. By P. Field 

Foster, B.Sc., M.Sc., A. M.LMech.E. . . . . .150 

Panel Beating and Sheet Metal Work, By Sidney Finder , 4 0 

Special Steels. Chiefly founded on the Researches regarding Alloy 
Steels of Sir Robert Hadfield, Bt., D.Sc., etc. Second Edition. 

By T. H. Burnham, B.Sc. Hons. (Lond.), A. M.LMech.E., 
M.I.Mar.E. . . . . . . , . 12 6 

Welding, Electric Arc and Oxy-Agetylene. By E. A. Atkins, 

M.LMech.E., etc. and A. G. Walker, M.Inst. W. Third Edition 8 6 
Welding, Electric, The Principles of. By R, C. Stockton, 

A.I.M.M., A.M.C.Tech 76 
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MINERALOGY AND MINING 

For particulars of Pitman Books on the above subjects, send for separate list 

CIVIL ENGINEERING, BUILDING, ETC. 

Architectural Hygiene; or, Sanitary Science as Applied to s. d. 
Buildings, By Sir Bannister Fletcher, M.Arch. (Ireland), 

F.S.I., Barrister-at-Law, and Major H. Phillips Fletcher, D.S.O., 
F.R.LB.A., F.S.I., etc. Sixth Eition . . . . lo 6 

Architectural Practice and Administration By H. Ingham 

Ashworth, B.A., A.R.I.B.A 12 6 

Brickwork, Concrete, and Masonry. Edited by T. Corkhill, 

M.I.Struct.E. In eight volumes Each 6 o 

Building Encyclopaedia, A Concise. Compiled by T. Gorkhili, 

M.I.Struct.E. j Q 

^Building Geometry. By Richard Greenhaigh, A.I.Struct.E. . 4 6 

Building, Mechanics of. By Arthur D. Turner, A.C.G.I., 

A.M.Inst.C.E 50 

Engineering Equipment of Buildings. By A. C. Pallet, B.Sc. 

(Eng.) 15 o 

Fabric of Modern Buildings, The. By E. G. Warland, 

M.I.Struct.E. . . . . . . . . . 20 0 

Flats, Design and Equipment, By H. Ingram Ashworth, B.A., 

A.R.I.B.A 25 0 

Hydraulics. By E. H. Lewitt, B.Sc. (Lond.), A.M.LM.E. 

Fifth Edition , . . . . .... 10 6 

Joinery and Carpentry. Edited by R. Greenhaigh, A.I.Struct.E. 

In six volumes ........ Each 6 0 

Painting and Decorating. Edited by C. H. Eaton, F.I.B.D. 

In six volumes . . . . . . . ' . Each 7 6 

Plumbing and Gasfitting. Edited by Percy Manser, R.P,, 

A.R.S.I. In seven volumes ..... Each 6 0 

Plumbing Engineering. By Walter S. L. Cleverdon . . . 12 6 

Reinforced Concrete Arch Design. By G. P. Manning, 

M.Eng., A.M.Inst.C.E. . 12 6 

Structures, The Theory of. By H. W. Coultas, M.Sc. 

A.M.I.Struct.E., A.I.Mech.E. Second Edition . . . 18 o 

Surveying, Advanced. By Alex. H. Jameson, M.Sc., M.Inst.G.E. 12 6 

Water Supply Problems and Developments. By W. H, Max- 
well, A.M.Inst.C.E. Second Edition . . . . , 25 0 

Waterworks for Urban and Rural Districts. By H. C. 

Adams, M.Inst.G.E., M.LM.E., F.R.S.L Third Edition . 15 0 

Woodworking by Machinery. By Robert H. Hordern . ,40 

MECHANICAL ENGINEERING 

Condenser, The Surface. By B. W. Pendred, A.M.LMech.E. . 8 6 

Engineering Educator, Pitman’s. Edited by W. J. Kearton, 

D.Eng., M.I.Mech.E., A.M.Inst.N.A. In three volumes. 

Second Edition ^3 ® 
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Mechanical Engineering — contd. 

^Engineering, Introduction to. By R. W. J. Fryer, B.Sc. (Eng.), ?. d. 

A. MJ.Mech,E,, A.M.LA.E 20 

^Engineering Science, Experimental. By Nelson Harwood, 

B. Sc., A.M.I.Mech.E. . . . . . . .76 

Engineering Science, Mechanical and Electrical, First Year. 

By G. W. Bird, Wh.Ex., A.M.I.Mech.E., etc. Revised by 
B. J. Tams, M.Sc.Tech., A.M.I.Mech.E. Second Edition . 5 o 

Engineering Science, Mechanical, Second Year, By G. W. 

Bird, Wh.Ex., B.Sc., A.M.I.Mecli.E., etc. . . . .50 

Hydraulics. By E. H. Lewitt, B.Sc. Fifth Edition . . .106 

Hydraulics for Engineers. By R. W. Angus, B.A.Sc., M.E. 

Second Edition . . . . . . . .126 

Hydro- and Aero-Dynamics. By S. L, Green, M.Sc. . . 12 6 

Machines Problems, Examples in Theory of. By W. R. Craw- 
ford, M.Sc., Ph.D. . . . . . . . *50 

* Mechanics for Engineering Students. By G. W. Bird, B.Sc., 

A. M.I.Mech.E. Revised by G. W. T. Bird, B.Sc. Third 
Edition ..........50 

Steam Turbine Operation. By W. J. Kearton, D.Eng., 

M.I.Mech.E., A.M.Inst.N.A. Third Edition . . .126 

Steam Turbine Theory and Practice. By W. J. Kearton, 

D.Eng., M.I.M.E., A.M.Inst.N.A. Third Edition . . 15 0 

Strength of Materials. By F. V. Warnock, Ph.D., M.Sc. 

(Lond.), F.R.C.Sc.L, A.M.I.Mech.E. Third Edition . 10 6 

Superheater in Modern Power Plant. By D. W. Rudorff, 

Dipl. Ing., A.Am.I.E.E., M.Inst.F. . . . . . 21 0 

Theory of I^chines. By Louis Toft, M.Sc.Tech., and A. T. J. 

Kersey, A.R.C.Sc. Third Edition . . . . . 12 6 

Thermodynamics, Applied. By William Robinson, M.E., 
M.Inst.C.E., M.I.Mech.E. Revised by John M. Dickson, 

B. Sc. Second Edition . . . . . . .180 

Thermodynamics Applied to Heat Engines. By E. H. Lewitt, 

B.Sc., A.M.I.Mech.E. Second Edition . . . . I2 6 

Thermodynamics Problems, Examples in. By W. R. Crawford, 

M,Sc., Ph.D, 50 

Thermodynamics, Technical By Professor Dipl. -Ing. W. Schixle. 

Translated from the German by E. W. Geyer, B.Sc. . , 40 0 

Workshop Practice. Edited by E. A. Atkins, M.I.Mech.E., 

M.LW.E. In eight volumes .... Each 6 o 

AERONAUTICAL 

Write for separate list of over 60 books on aeronautics and aeronautical 
engineering. 

MOTOR ENGINEERING, ETC. 

Write for the complete list of motoring books, containing 
over 50 titles. 
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OPTICS AND PHOTOGRAPHY 

Applied Optics, Introduction to. By L. C. Martin, D.Sc., d. 
A.R.G.S., D.I.C. Vol. L General and Physiological. 

Vol. II. Theory and Construction of Instruments. 

In two volumes. ....... Each 21 o 

Camera IN Commerce, The, By David Charles, F.R.P.S. . . 10 6 

Camera Lenses. By A. W. Lockett. Revised by H. W. Lee. 

Second Edition . .26 

Colour Photography in Practice. By D. A. Spencer, Ph.D.. 

F.LG., F.R.P,S 21 o 

Colour Sensitive Materials. By Robert M. Fanstone, A.R.P.S. 8 6 
Photographic Chemicals and Chemistry. By J. Southworth 

and T. L.J. Bentley, D.I.C., A.R.G.Sc.,B.Sc. . . .36 

Photography Theory and Practice. By L. P. Clerc. 

Edited by the late G. E. Brown, F.I.C., etc. Second Edition . 35 o 

Retouching and Finishing for Photographers. By J. S. 

Adamson. Third Edition . . . . . . .40 

Studio Portrait Lighting. By H. Lambert, F.R.P.S. 

Second Edition . . . . . , 15 0 

ELECTRICAL ENGINEERING, ETC. 

Accumulator Charging, Maintenance, and Repair. By W. S. 

Ibbetson. Sixth Edition . . . . . . .46 

Alternating Current Bridge Methods. By B. Hague, 

D.Sc. Fourth Edition . . . . . . , 25 o 

Alternating Current Circuit. By Philip Kemp,, M.Sc., 

M.LE.E., MemA.LE.E. Second E^tion . . . .26 

Alternating Current Machines, Performance and Design of. 

By M. G. Say, Ph.D., M.Sc., A.G.G.L, D.I.C., A.M.I.E.E., 

F. R.S.E,, and E. N. Pink, B.Sc., A.M.I.E.E. . . . 20 o 

Alternating Current Work. By W. Perren Maycock, 

M.LE.E. Second Edition 7 6 

Alternating Currents, The Theory and Practice of. By A. T. 

Dover, M.LE.E. Second Edition . . . . . 18 o 

Automatic Protective Gear for A.C. Supply Systems. By 

J. Henderson, M.C., B.Sc., AM.I.E.E 76 

Changeover of D.C. Supply Systems to the Standard 

System of A.G. Distribution. By S. J. Patmore, A.M.I.E.E. 3 6 
Direct Current Machines, Performance and Design of. 

By A. E. Clayton, D.Sc., M.LE.E 16 o 

Electric Clocks, Modern. By Stuart F. Philpott, A.M.I.E.E. 

Second Edition . . . . . . . .76 

Electric Lighting and Power Distribution. By W. Perren 
Maycock, M.LE.E. Ninth Edition, thoroughly revised by 

G. H. Yeaman. In two volumes .... Each 10 6 
Electric Motor Control Gear, Industrial. By W. H. J. 

Norburn, A.M.I.E.E 10 6 

Electric Plant, Protection of (Modern Developments). By 

F. P. Stritzl, D.Sc.Tech. (Vienna) 15 o 
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Electrical Engineeringj, etc. — contd* 

Electric Traction. By A. T. Dover, M.I.E.E., Assoc. Amer.I.E.E. s. d. 
Second Edition . . . . . . . • 25 o 

Electric Wiring, Fittings, Switches, and Lamps. By W. Perren 
Maycock, M.LE.E. Sixth Edition. Revised by Philip Kemp, 

M.Sc., M.I.E.E., etc. . . . . . . . 10 6 

Electric Wiring Tables. By W. Perren Maycock, M.LE.E., 

Seventh Edition Revised by F. G. Raphael, M.LE.E. . * 3 6 

Electrical Contracting, Organization, and Routine. By 

H. R. Taunton . . . . . . . . 12 6 

Electrical Engineering, Classified Examples in. By S. Gordon 
Monk, M.Sc, (Eng.), B.Sc., A.M.I.E.E. In two parts. 

*Vol. I Direct Current. Fourth Edition . . .26 

*Vol. II. Alternating Current. Fourth Edition . ,40 

Electrical Engineering, Experimental. By E. T. A. Rapson, 

A.C.G.L, D.I.C., M.Sc. (Eng.) London, etc. Second Edition. 3 6 
Electrical Measurements and Measuring Instruments. By 

E. W. Golding, M.Sc.Tech., A.M.I.E.E., M.A.I.E.E. Second 

Edition . . , . . . . . . . 20 0 

Electrical Measuring Instruments, Industrial. By Kenelm 
Edgcumbe, M.Inst.C.E., M.LE.E., F.Inst.P., and F. E. J. 
Ockenden, A.M.I.E.E. TThird Edition, . . . ' . 25 0 

Electrical Technology, By H. Cotton, M.B.E., D.Sc., A.M.I.E.E. 

Third Edition .... ....126 

Electrical Terms, A Dictionary of. By S. R. Roget, M.A., 

A.M.Inst.C.E., A.M.I.E.E. Third Edition . . . .86 

Electrical Wiring and Contracting. Edited by H. Marryat, 

M.LE.E,, M.I.Mech.E. In seven volumes . . Each 6 o 

Electricity, Foundations of Technical. By E. Mallett, D.Sc., 
M.Inst.C.E., M.LE.E., F.Inst.P., and T. B. Vinycomb, M.G., 

M.A., F.Inst.P. ... . -50 

Generation, Transmission and Utilization of Electrical 

Power. By A. T. Starr, M.A., Ph.D., B.Sc., A.M.I.E.E. . 18 0 

Instrument Transformers: Their Theory, Characteristics 
and Testing. By B. Hague, D.Sc. (Lond.), Ph.D. (Glas.), 

F. C.G.I., etc. . , • • ' • • 35 o 

Meter Engineering. By J. L. Ferns, B.Sc. (Hons.), A.M.C.T. 

Second Edition . . . . . . .106 

Photoelectric Cell Applications. By R. C. Walker, B.Sc. 

(Lond.), and T. M. G. Lance, Assbc.I.R.E. Third Edition . 126 

Power Wiring Diagrams. By A. T. Dover, M.LE.E., A.Amer. 

I.E.E. Third Edition . . . . . .60 

Switchgear, Outdoor High Voltage. By R. W. Todd, 

A.M.I.E.E., ASSOC.A.LE.E.. and W.H. Thompson, A,M.LE.E. 42 o 
Symmetrical Component Theory, Elements of. By G. W. 

Stubbings, B.Sc. (Lond.), F.Inst.F., A.M.I.E.E. . , .50 
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TELECOMMUNICATIONS 

ELEcri'RiG Circuits and Wave Filters. By A. T. Starr M A 
Ph.D., A.M.LE.E. Second Edition . . 

Radio Communication, Modern. By J. H. Reyner. In two 
volumes— Vol. L Sixth Edition, 5s. Vol. II. Second Edition, 
7s. 6d. 

Radio Engineering, Problems in. By E. T. A. Rapson, A.C G I 
A.M.LE.E. Third Edition . . . . 1 

Radio Receiver Circuits Handbook. By E. M. Squire . 
Radio Receiver Servicing and Maintenance. By E. J. G. Lewis. 
Second Edition ........ 

Radio, Short-Wave. By J. H. Reyner ..... 

Radio Upkeep and Repairs for Amateurs. By Alfred Witts, 

A.M.LE.E. Third Edition 

Superheterodyne Receiver, The. By Alfred T. Witts, A.M.LE.E. 

Third Edition 

Telegraphy. By T. E. Flerbert, M.I.E.E. Sixth Edition . 
Telegraphy and Telephony, Arithmetic of. By T. E. Herbert, 

M.I.E.E., and R. G. de Wardt 

Telephone Handbook and Guide to the Telephonic Exchange, 
Practical. By Joseph Poole, A.M.LE.E. (Wh.Sc.). Seventh 
Edition .......... 

Telephony. By T. E. Herbert, M.I.E.E., and W. S. Procter, 
A.M.LE.E. In two volumes. 

Vol. I. Manual Switching Systems and Line Plant. 

Second Edition ...... 

Vol. II. Automatic Telephony . . . . 

Television Engineering. By J. C. Wilson .... 

Television Optics. By L. M. Myerl Second Edition 
Television Reception Technique. By Paul D. Tyers 
Wireless, A First Course IN. By “Decibel’’ .... 


MATHEMATICS AND CALCULATIONS 
FOR ENGINEERS 

Calculus for Engineers and Students of Science. By John 
Stoney, B.Sc., A.M.LMin.E., M.R.San.I. Second Edition 
Exponential and Hyperbolic Functions. By A. H. Bell, B.Sc. , 
Graphs of Standard Mathematical Functions. By H. V. 

Lowry, M.A. . . . - . • * * . ' 

Logaritpims for Beginners. By G. N. Pickworth, Wh.Sc. Eighth 
Edition .......... 

^Logarithms Simplified. By Ernest Card, B.Sc., and A. C. 

Parkinson, A.C.P, Second Edition 

Mathematics, Elementary Practical. In three volumes, 
each 5s, By E. W. Golding, M.Sc., Tech., A.M.LE.E., and 
H. G. Green, M.A. Book I. First Year. Book 11 . Second Year. 
Book III. Third Year. 
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Mathematics and Calculations for Engineers — contd. 

Mathematics, Practical. By Louis Toft, M.Sc. (Tech.), and d. 

A. D. D. McKay, M.A 126 

Nomogram, The. By H. J. Allcock, B.Sc., A.M.I.E.E., A.M.I.Mech.E., 

and J. R. Jones, M.A„ F.G.S 106 

MISCELLANEOUS TECHNICAL BOOKS 

Acoustical Engineering. By W. West, B.A., A.M.I.E.E. . . 15 o 

Engineering Economics. By T. H. Burnham, 13 . Sc. Hons. (Lond.), 

B. Gom. (Lond.), F.I.I.A., A.M.I.Mech.E., M.LMar.E. In 
two volumes, each 8s. 6d. Book 1 . Elements of Industrial 
Organization and Management. Book II. Works Organization 
and Management. 


Engineering Inquiries, Data for. By J. C. Connan, B.Sc. 

A.M.LE.E., O.B.E 12 6 

Foundry Organization and Management. ByJamesJ. Gillespie 12 6 

Motor Boating, The Safety Way in. By A. FI. Lindley-Jones . 5 o 

Sailing Craft, Small, By John F. Sutton, M.Sc. (Eng.), 

A.M.LM.E. Second Edition . . . . . -50 

Science, The March of. A First Quinquennial Review, 1931-35. 

By Various Authors. Issued under the authority of the Council 
of the British Association for the Advancement of Science , 3 6 

Shoe Repairer’s Handbooks. By D. Laurence-Lord. In seven 

volumes ......... Each 3 6 

Teaching Methods for Technical Teachers. By J. FI. Currie 

M.A., B.Sc., A.M.I.Mech.E 26 

With the Watchmaker at the Bench. By Donald de Carle, 

F.B.H.L Third Edition ,86 

Works Engineer, The. By W. R. J. GrifBths, M.Inst.F., 
A.M.S.W.LE. In Collaboration with W. O. Skeat, B.Sc. 

(Eng.), G.I.Mech.E., etc. , . . . . . .210 

PITMAN’S TECHNICAL PRIMERS 

Each in foolscap 8vo, cloth, about 120 pp., illustrated .26 

The Technical Primer Series consisting of about 40 titles is 
intended to enable the reader to obtain an introduction to 
whatever technical subject he desires. Please send for complete 
list of titles, sent post free on request. 


COMMON COMMODITIES AND 
INDUSTRIES SERIES 

Each book in crown 8vo, cloth, with many illustrations, etc. . 3 0 

In each of the handbooks in this series a particular product 
or industry is described by an expert writer and practical man 
of business. Write for complete list of titles, sent post free on 
application. 
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